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Elm Coulee is an active oil field in the Williston Basin. The Bakken Formation at Elm 
Coulee field consists of three members: (1) an upper organic-rich black shale, (2) a middle 
member ranging in presentation from a silty dolostone or limestone to sandstone lithology, and 
(3) a lower organic-rich black shale. Dolomitization has generated enhanced secondary porosity 
in the Middle Bakken Member (MBM), and this has facilitated production at Elm Coulee field. 
The dolomite present in the MBM is largely secondary in nature. When calcite is replaced by 
dolomite, there is a reduction in interlayer spacing in the mineral’s crystal structure. The 
subsequent reduction in crystal size forms additional pore space during replacement. The more 
diagenetically-introduced porosity present, the higher the likelihood that these will become 
connected effective pores. Connected pores act like microfractures, which increase the 
permeability of the MBM and lead to increased production.  
Other Bakken fields across the Williston Basin show lower percentages of dolomite and 
higher silt content, meaning they tend to produce more so from coarser grained facies/natural 
fractures. In general, the Bakken, Sanish, and Three Forks reservoirs have very low measured 
core porosity, which is another reason that productivity is generally expected to be through 
natural and artificial fracturing. This variance in reservoir rock necessitates a detailed 
understanding of the diagenetic stages and resulting in the enhanced secondary porosity that 
made the MBM so productive. To that end, a detailed characterization of the dolomite seen in 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Objectives and Purpose 
 
The objective of this study was to address the evolution of and relationship between dolomite 
formation and porosity in the Middle Bakken Member (MBM) at Elm Coulee field. This work 
sought to correlate core description, thin section study, x-ray diffraction (XRD) and routine core 
analysis (RCA) data, isotope data, and FE-SEM analysis to: 
 
1. Better-constrain the previously-published diagenetic charts for Elm Coulee field created 
by Chloe Alexandre, 2011 (Figure 1.1) and Dipanwita Nandy, 2017 (Figure 1.2);  
2. Provide a more comprehensive integration of formation facies on multiple scales (i.e. 
core-scale and micro-scale, and how these features correlate with other data); 
3. Compare changes in dolomite content to existing geothermometery and 
paleoenvironmental analysis, therein examining local climatic and environmental 
influences on dolomite formation and the timing of these events; 
4. Establish an accurate and complete model that explains the dolomitization and associated 
processes that took place in Elm Coulee field. 
 
Specifically, this research will examine the controls on dolomitization at Elm Coulee field and 
the subsequent evolution of porosity in the MBM. It has been established that Elm Coulee field 
is different from other Williston Basin fields in two critical aspects: (1) Elm Coulee field has 
higher dolomite content in the MBM compared to the rest of the basin and, as a result, (2) the 
reservoir facies in the Elm Coulee MBM is the porous dolomitic B facies. Creating a 
comprehensive model for the history of dolomite formation at Elm Coulee field will make for a 




Figure 1.1: Chart showing the diagenetic stages in the Middle Bakken Member in Elm Coulee 
Field as determined by Alexandre, 2011. The first dolomitization stage occurred via evaporative 
reflux (seepage-reflux), whereas the second stage was characterized by a deeper burial 
compaction setting. Fracturing was also interpreted in two states: first mineralized fractures 
formed and then later progressed into open horizontal fractures brought about by hydrocarbon 
expulsion (Alexandre, 2011). 
 
 
Figure 1.2: Chart showing the diagenetic stages in the Middle Bakken Member in Elm Coulee 
field as determined by Nandy, 2017. Unlike Alexandre, Nandy only found evidence for one stage 




1.2 Study Area 
 
 Elm Coulee field is situated in Richland County in the northeastern portion of Montana 
(Figure 1.3). The field was discovered in 2000; that same year saw the start of horizontal drilling 
in Elm Coulee, and since then over 1500 wells have been drilled with an estimated ultimate 
recovery of over 200 million bbl of oil (Sonnenberg et al., 2017). As a relatively low-
permeability reservoir, the main techniques employed in Elm Coulee have been horizontal 
drilling and fracture stimulation of the horizontal leg (Sonnenberg et al., 2017). The Bakken 
petroleum system in Elm Coulee field is heavily influenced by stratigraphic trapping due to 
regional geology (Sonnenberg and Pramudito, 2009; Alexandre, 2011; Sonnenberg et al., 2017). 
In particular, the primary focus of horizontal wells in Elm Coulee Field has been the B facies of 
the MBM (Sonnenberg et al., 2017).  
 The MBM in Elm Coulee Field shows a NW-SE trending thickness, which has been 
interpreted by some as the result of the multistage dissolution of the Prairie Formation evaporate 
(Brown, 2016). Interestingly, while there is also a NW-SE trend to hydrocarbon production in 
Elm Coulee field, production does not directly correlate with the thickening of the MBM 
(Brown, 2016). Preferential dolomitization, the primary factor in reservoir quality in Elm Coulee, 
is also thought to be the cause of the discrepancy between these trends (Brown, 2016). 
The historical significance of this work in Elm Coulee is reflected in the changes in 
approach to the Bakken petroleum system in other areas of the Williston Basin. The main target 
in the Bakken petroleum system had historically been the upper shale, but the discovery of and 
subsequent work in Elm Coulee field led operators to begin to target the MBM in North Dakota 





Figure 1.3: Structure map of the Williston Basin showing the location and size of Elm Coulee 
Field in Richland County, MT (Alexandre, 2011). The location of Elm Coulee makes sense in 
the historic context of research focusing on the Bakken Formation: most of the literature 
previous to this paper focuses on the Bakken Formation as it occurs in North Dakota. Areas of 
study are beginning to focus more and more on the perimeter of the Willison Basin. 
 
1.3 Previous Work 
 
There have been a number of noteworthy papers and theses produced by students and 
faculty at the Colorado School of Mines (CSM). The following papers all formed a solid 
groundwork which made this thesis possible. 
 
1.3.1 Chloe Alexandre (2011) 
 
Reservoir Characterization and Petrology of the Bakken Formation, Elm Coulee Field, Richland 
County, MT 
 
Alexandre’s work suggests that dolomite genesis in the Middle Bakken Member occurred 
in two stages: dolomitization in a seepage-reflux environment and dolomitization during a 
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compaction event. The first interpretation was based on the low fossil/bioturbation content in the 
Three Forks and Bakken formations, which suggested that the environment was stressed at the 
time. Alexandre attributed this stress to arid, evaporitic settings. The upper portion of the water 
column would have been partially evaporated, and this denser water with a higher ion 
concentration would have descended through the water column, dolomitizing the Middle Bakken 
lime mud. 
Alexandre’s interpreted diagenetic stages include: mechanical and chemical compaction, 
dolomitization, pyrite formation, dedolomitization, fracturing, ferroan dolomite formation, 
sphalerite cementation, anhydrite replacement, anhydrite cementation, quartz replacement, quartz 
cementation, dolomite dissolution, and hydrocarbon generation. Based on petrographic work and 
paleoclimate data, Alexandre characterized the dolomitization in Elm Coulee field as resulting 
from a seepage-reflux setting. 
 
1.3.2 Cosima Theloy (2013) 
 
Integration of geological and technological factors influencing production in the Bakken play, 
Williston Basin 
 
Theloy is careful to set Elm Coulee field apart from other areas of production in the 
Williston Basin. She explains that Elm Coulee’s location at the southwestern margin of the basin 
was distal relative to sediment sources from the north and east, which resulted in very low 
detrital silt and sandstone input during the time of deposition. Because of the reduced influx of 
siliclastics, the environment in Elm Coulee would favor in situ carbonate production. Longshore 
currents would have likewise led to the formation of elongated shoal bars. The relative proximity 
between Elm Coulee and the Three Forks Formation would have provided a source for detrital 
dolomite grains. For these reasons, Theloy explains, the diagenetic stages that occurred at Elm 






1.3.3 Henriette Eidsnes (2014) 
 
Structural and stratigraphic factors influencing hydrocarbon accumulations in the Bakken 
Petroleum System in the Elm Coulee Field, Williston Basin, Montana 
 
 The author of this thesis assisted Eidsnes in core descriptions and facies characterization 
for Eidsnes’ 2014 paper. Much of that work will be revisited, explored, and improved upon in 
this thesis. 
 
1.3.4 Nathan Brown (2016) 
 
Geologic considerations for enhanced oil recovery in Elm Coulee Field, Richland County, 
Montana, Williston Basin 
 
 Brown attributes the dolomitization found in the MBM to the seepage-reflux model due 
in large part to Alexandre’s (2011) previous paper. He goes on to point out that dolomite and 
dolomitization in the MBM is an influencing factor of pore throat size and distribution. Pore 
throat size and distribution is, by turn, a controlling factor of fluid saturation in the MBM: units 
with smaller pore throats are generally water-saturated, and units with larger pore throats are 
generally oil-saturated. 
 The goal of Brown’s work was to examine the three most viable EOR methods for an 
unconventional reservoir: solvent flooding (miscible CO2 and hydrocarbon gas), surfactant 
flooding, and fresh water flooding (also known as low-salinity). Brown did conclude that Elm 
Coulee Field could be a viable target for EOR in an unconventional reservoir. 
 
1.3.5 Stephen Brennan (2016) 
 
Integrated characterization of Middle Bakken diagenesis, Williston Basin, North Dakota, U.S.A. 
 
 Brennan used whole core analysis, plane polarized and Cathodoluminescence 
petrography, scanning electron microscopy (SEM), and stable isotope analysis to investigate the 
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different forms of calcite present in the MBM in North Dakota. Because diagenetic calcite 
cements have had a negative influence on reservoir effectiveness (in terms of both storage and 
producability) in the MBM, Brennan sought to understand the presence of these cements in order 
to better predict where hydrocarbon charge may be inhibited. 
 A section of Brennan’s work is especially relevant in the context of this thesis: he found 
that calcite cements were capable of shielding large pore volumes from dolomitizing fluids. 
 
1.3.6 Dipanwita Nandy (2017) 
 
Dolomitization and porosity evolution of Middle Bakken Member, Elm Coulee Field and facies 
characterization, chemostratigraphy and organic-richness of Upper Bakken Shale, Williston 
Basin 
 
Nandy’s interpretation diagenesis at Elm Coulee differs somewhat from Alexandre’s 
previous work, and includes the following stages: deposition of lime mud and detrital siliciclastic 
sediment, mechanical and chemical compaction, micritization, calcite cementation, pyritization, 
dolomitization, anhydrite cementation/replacement, illite formation, (minor) ferroan 
dolomitization, silica cementation/replacement, fracturing, and hydrocarbon charging. Nandy 
agreed with Alexandre’s conclusion of a seepage-reflux setting based on her own work with 
petrographic thin sections, paleoclimate interpretations, and stable isotope sampling. She also 
identified diagenetic factors that reduced MBM porosity: early patchy calcite cement, anhydrite 
cement, and authigenic illite clay. 
To date, Nandy and Brennan are the only students from CSM to have investigated the 
MBM through isotopic sampling (Table 1.1). The methodology behind Nandy’s isotopic 
sampling should be noted: the stated goal was to figure out the stable isotope composition of 
dolomitizing fluids, so only pure dolomite samples were selected using XRD and thin section 
petrology. Nandy argues that the presence of calcite will give mixed values; this will not give 
any information about the dolomitzing fluid, nor will it give information about the sea water 






Table 1.1: Chart showing the central differences in previous work done by Colorado School of 
Mines (CSM) students. The work here by Brennan (2016) and Nandy (2017) was focused on 
analysis of the Middle Bakken Member (MBM) through isotopic sampling. The chart here 
highlights differences in their study areas, methodologies, interpretations, and recommendations. 
 
Previous isotopic work targeting the MBM 
Brennan, 2016 Nandy, 2017 
 
Study area was in North Dakota. 
 
Took 114 samples across three cores: 
      - 76 samples from calcite-cemented zones 
      - 38 samples from non-cemented zones 
 
Determined that the original source of CaCO3 
in these zones was detrital. 
 
Interpreted isotopic data to mean that 
biogenic cementation (i.e.g methanogenesis) 
was not an influencing factor. 
 
Recommended an analysis of carbonate 
isotopes from calcite cemented zones in 
Montana to evaluate a possible genetic link. 
 
Study area was in Elm Coulee Field, Richland 
County, Montana. 
 
Took 12 samples total: 
      - Sampled only pure dolomite cement 
 
Identified four states of porosity related to 
dolomite content. 
 
Interpreted isotopic data to mean that a silty 
lime mud acted as the precursor to 
dolomitization through seepage-reflux. 
 
Recommended a region analysis of the flow 









1.3.7 Sonnenberg et al. (2017) 
 
The giant continuous oil accumulation in the Bakken petroleum system, U. S. Williston Basin 
 
 This paper gives a rich account of the history of petroleum exploration in the Bakken. 
Since the 1950s there have been three cycles of exploration and development in the Bakken 
Formation of the Williston Basin, including: 1) the Antelope field discovery and development, 
work which included vertical drilling of the Bakken and Three Forks; 2) the upper Bakken shale 
Billings Nose edge play, which covered both vertical and horizontal drilling of the upper Bakken 
shale; and 3) the middle Bakken—Three Forks horizontal play (Figure 1.4). Historical context of 
petroleum exploration of the Bakken in the Williston Basin helps to reaffirm the relevance of 
Elm Coulee field in production. 
 
Figure 1.4: Modified from Sonnenberg et al. (2017), this graph shows the total production in the 
United States in bbl of oil and MCF of gas for the Bakken and Three Forks in the Williston 
Basin. Here Sonnenberg et al. (2017) illustrate the evolution of successful production by field, 





The datasets included in this thesis are a combination of previous work and independent 
research. The data that was provided for this study include: XRD and RCA values. 
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Independently-gathered data include: core description and interpretation, petrographic study, 
isotope sampling, and FE-SEM imaging and analysis. More detailed descriptions of these 






































CHAPTER 2  
GEOLOGIC CONTEXT 
 
2.1 Regional Geology 
 
The geologic history of the Williston Basin, the Sweetgrass Arch, and the Bakken 
Formation as a whole are necessary to understanding the Middle Bakken Member (MBM) as it 
presents in modern day Elm Coulee field. The widespread and more provincial influences on the 
deposition of the MBM will be discussed further in this section. 
 
2.1.1 Williston Basin 
 
The Williston Basin is an extremely characteristic intracratonic basin that is centered in 
North Dakota, but which reaches to encompass portions of both Montana and Canada (Figure 
2.1). The two main controls on the formation of the Williston Basin, as outlined by Kent and 
Christopher (1994), are: 1. the mechanism or mechanisms of subsidence and 2. the controls on 
the geographic positioning of the basin. Due to the complex patterns of stratal thickening and 
thinning, Kent and Christopher (1994) suggest that the basin’s subsidence is the result of a 
combination of mechanisms, including: thermally-controlled uplift and contraction, erosion of 
crustal rocks, metamorphic densification of underlying sublithospheric rocks, and alteration due 
to horizontal compressive stresses. The geographic positioning of the Williston Basin is 
generally attributed to the framework of the Precambrian basement. 
 
2.1.2 Sweetgrass Arch 
 
 The Sweetgrass Arch is an intra-basinal feature that divides the Alberta and Williston 
Basins (Figure 2.2). Abundant gas and oil reservoirs can be found in the structural-stratigraphic 
traps in the Devonian, Carboniferous, Jurrasic, and Cretaceous aged sediments of the Sweetgrass 
Arch in southern Alberta and northern Montana (Podruski, 1988). The Permo-Triassic 





Figure 2.1: Paleogeographic map from Blakey (2011) modified by Alexandre (2011) to show the 
location of the Williston Basin during the late Devonian, when the first half of the Bakken was 
deposited. As shown, the basin was in the tropics close to the equator (Alexandre, 2011). The 




Figure 2.2: Map shows the location of the Sweetgrass Arch (in green) with respect to the 
Williston Basin. Modified from Podruski (1988), which was in turn based on work by Burwash 




influenced basinward-dipping Mississippian and Devonian carbonates (Martin, 1966; Kent and 
Christopher, 1994). The Sweetgrass Arch presents a likely source of sediment influx for the 
MBM in Elm Coulee, particularly as a source of detrital silica.  
 
2.1.3 Bakken Formation 
 
The Bakken Formation is a Devonian-Mississipian feature found within the intracratonic 
Willison Basin. The Formation encompasses portions of southern Saskatchewan, southwestern 
Manitoba, western North Dakota, and northeastern Montana with depths ranging from 40 to 
3,700 m below the present day surface (Figure 2.3) (Smith et al., 1996). Paleozoic sedimentation 
presents as a series of cyclic carbonate deposits, whereas Mesozoic and Cenozoic strata are 
primarily siliclastic (Sonnenberg and Pramudito, 2009). The basin—a broad shelf area that 
extended along the western margin of North America—underwent active subsidence during the 
Late Devonian and Early Mississipian (Sonnenberg and Pramudito, 2009). At this time, the basin 
was a tropical setting close to the equator (Figure 2.1). The three members of the Bakken onlap 
the underlying Three Forks Formation, and thin towards the edges of the Williston Basin 
(Sonnenberg and Pramudito, 2009). These members may represent two regressive-transgressive 
sedimentation cycles: after the deposition of the Three Forks, the lower Bakken shale was 
deposited with a relative sea-level rise and transgression (Sonnenberg and Pramudito, 2009). The 
Middle Bakken Member was the result of another regressive event, which was followed by the 





 The Bakken petroleum system includes the Three Forks Formation, the Bakken 
Formation, and a small portion of the lower Lodgepole Formation (Figure 2.4). The Bakken 
Formation itself is comprised of four members: the basal Pronghorn, the Lower Bakken shale, 





Figure 2.3: Contour map of the Mississippian base showing the extent of the Bakken Formation 
(green) and the location of Elm Coulee Field (red) (modified from Sonnenberg and Pramudito, 
2009). In Elm Coulee, the Mississippian base represents the uppermost Middle Bakken Member 
(MBM) and the upper Bakken shale. 
 
2.2.1 Sequence Stratigraphy 
 
 The Pronghorn Member, representing the earliest period of deposition in the Bakken 
Formation, lies unconformably over the Three Forks Formation and was described by Johnson 
(2013) as including four lithofacies: PH-1) heavily bioturbated fine-grained sandstone, PH-2) 
burrowed dolomitic silty mudstone with storm deposits, PH-3) skeletal wackestone to packstone, 
and PH-4) shale with siltstone and sandstone laminations (Johnson, 2013; Theloy, 2013). As 
shown in Figure 2.4, the Pronghorn Member of the Bakken Formation marks the beginning of a 
transgression in the system. 
Both the upper and lower shale members are thought to have been deposited during 
periods of sea-level rise. The following description was compiled by Sonnenberg and Pramudito 
(2009): the setting was likely an offshore marine anoxic or oxygen-restricted environment, which 
may have resulted from a stratified hydrologic column. That is, a water column with an 
oxygenated/nutrient rich top layer with the associated high organic production and an anoxic 
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lower layer with restricted circulation and an abundance of sulfide-reducing bacteria. Anoxic 
conditions are illustrated by both a lack of benthic fauna/associated burrowing and a high TOC 
content. Sonnenberg and Pramudito (2009) proposed that the Bakken may be part of a continent-
wide anoxic event that occurred from the Late Famennian through the Kinderhookian. 
The Middle Bakken Member depositional setting has been described as a shallow marine 
environment on an epicontinental (epeiric) platform (Webster, 1984; LeFever, 1991; Smith and 
Bustin, 1996; Angulo and Buatois, 2012; Nandy, 2017). Epicontinental platforms form when 
high global sea level results in shallow seas that stretch across large portions of the continents 
(Droste, 2006). Where modern large platforms are somewhat limited in their progradation, the 
formation of epicontinental platforms allowed for the massive progradation of carbonate 
platform margins—sometimes over hundreds of kilometers (Droste, 2006). 
Although contact with the Three Forks Formation is frequently considered 
unconformable, the Lodgepole Formation lies conformably over the Bakken—it has, however, 
been suggested that the contact between the Bakken and the Three Forks is likely conformable in 
the deep parts of the basin and unconformable along the basin margins due to the onlapping 




The depositional events of the upper and lower shales were dated using conodont 
biostratigraphy. More specifically, the age of the lower Bakken shale has been dated with the 
conodont Polygnathus styriacus from the Famennian Age of the Late Devonian, and the age of 
the upper Bakken shale was determined using the conodont Siphonodella crenulata of the 
Kinderhookian Age of the early Mississippian (Hayes, 1985; Karma, 1991). The fossils 
identified in the MBM include brachiopods and crinoids, which unfortunately do not provide any 
absolute dates for the lithological units that comprise the middle member. 
Two major events occurred in the upper Famennian that may have influenced the 
biodiversity of the MBM in Elm Coulee field: the Dasberg Event and the Hangenberg Event. 
Both these events are associated with eustatic changes, the widespread deposition of a black 
shale, and marine extinctions (Myrow et al., 2014). Neither of these events have been identified 





Figure 2.4: Stratigraphic diagram showing the Bakken petroleum system, including: source beds 
(lower and upper Bakken shales and the false Bakken member of the Lodgepole) and reservoirs 
(the middle and upper Three Forks, the middle member of the Bakken, and the Scallion member 
of the Lodgepole) (Sonnenberg et al., 2017). The column showing sequential stratigraphic events 
highlights the two transgressions that denote the lower and upper Bakken shales and the low 
stand that marks the Middle Bakken Member (MBM). 
 
which lithological units (if any) in the MBM were deposited at the same time these events 
occurred. 
 
2.3 Petroleum System 
 
The upper and lower organic-rich shale members act as source rocks for the 
hydrocarbons present in the Bakken petroleum system, whereas all members of the Bakken, the 
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lower Lodgepole, and upper Three Forks serve as reservoir rocks in the Bakken petroleum 
system (Figure 2.4). The shale members are also potential source beds for the Three Forks and 
Lodgepole Mission Canyon formations (Sonnenberg and Pramudito, 2009). Historically, the 
Bakken’s three member sequence (not including the recently named Pronghorn) has been easily 
recognized in well log data: the bordering shale-rich members have unusually high gamma-ray 
readings (>200 API) and high sonic transit times (80 to 120 μs/ft) (Pitman et al., 2001). The 
Bakken shales also show low resistivity readings (<100 ohm-m) in the shallower thermally 
immature part of the basin and high resistivity readings (>100 ohm-m) in the deeper thermally 
mature portion (Pitman, et al., 2001). The reason such high values are seen in the deeper areas of 
the basin is because these shale members are hydrocarbon-saturated source rocks (Murray 1986). 
Readings from the deeper portions of the Williston Basin would have higher resistivity 
values because hydrocarbons are nonconductive, as opposed to the pore water found at shallower 
depths (Meissner, 1991; Murray, 1986). As illustrated in Figure 2.5, the rapid change in 
resistivity associated with depth is thought to signify the onset of ―mature‖ hydrocarbon 
generation (Meissner 1991). Well log data characteristic of clastic and carbonate rock are 
diagnostic of the middle member (Pitman et al., 2001). Distinguishing this well data from the 
underlying Devonian Three Forks Formation can be difficult if the sequence lacks the lower 
shale, but the difference is fairly obvious in core.  
As mentioned previously, the MBM is the main reservoir in Elm Coulee Field. Despite 
this, the MBM is known for its low porosity and permeability. Production from the MBM in Elm 
Coulee Field is therefore dependent on more recent drilling techniques; particularly horizontal 
drilling in conjunction with multistage hydraulic fracturing. The MDM varies greatly throughout 
the Williston Basin in terms of environmental setting and influence, and as such it is important to 
understand the paleoenvironmental factors that are specific to each field (Figure 2.6). 
 
2.3.1 Production History 
 
Only two of the nine cores featured in this study have associated wells that are considered 
―inactive‖ by Drilling Info. Aside from Jackson-Rowdy and Bullwinkle-Yahoo, the remaining 
seven cores in this thesis have wells that are termed ―active‖ by DrillingInfo. (This and all 
subsequent production information is accurate as of December 3, 2018.) Of the nine studied 
18 
 
cores, Jackson-Rowdy is the only one associated with a dry well. The other eight cores have or 
are producing oil, gas, and water. The month-by-month oil production of each of these wells is 
illustrated in Figure 2.7, and cumulative production (to date) for each well is shown in Table 2.1. 
 In the 389 months that Elm Coulee has been an active field, it has produced a cumulative 
10,558 BOPD (DrillingInfo, n.d.). Production may be past the initial peak illustrated in Figure 
2.7, but for the past decade or so this field has demonstrably produced petroleum products at a 
(relatively) reliable frequency. It is safe to say that there are still significant resources at Elm 
Coulee, and that these resources are worth pursuing through additional study. 
 
 
Figure 2.5: Electrical resistivity (ohm-m) versus well depth chart showing the correlation 
between deeper depths in the Williston Basin and higher resistivity values in the shale members 
(modified from Meissner, 1991). This chart shows why the Bakken shales, which are source 




Figure 2.6: Different types of Bakken plays with unique characteristics that make them 
successful producers (from Theloy, 2013). Diagram illustrates the importance of understanding 




Figure 2.7. Chart showing monthly oil production of wells associated with eight of the nine cores 
examined in this study. One of these eight (Bullwinkle-Yahoo) is no longer considered an active 























































































































































































































Study Area Monthly Oil Production by Well 
RR Lonetree-Enda Stockade-Jayla Peanut-Jimmy





Table 2.1: Chart showing the individual cumulative oil and cumulative gas production of each of 
the eight producing wells featured in this thesis. All data from DrillingInfo, n.d. 
Well Name Cum Oil (bbl) 
Cum Gas 
(Mcf) 
RR Lonetree-Edna 892   
Peabody-Minifie 281,879 343,722 
Coyote-Putnam 85,763 164,113 
Stockade-Jayla 84,103 133,098 
Foghorn-Ervin 183,210 190,164 
Bullwinkle-Yahoo 31,562 42,187 
Peanut-Jimmy 139,452 224,907 
Brutus East-Lewis 45,314 29,695 
TOTAL PRODUCTION 852,175 1,127,886 
 
2.4 Dolomite Models 
 
Dolomite, though commonly thought of as a diagenetic replacement, can also start as a 
primary precipitate or a hydrothermalmetamorphic phase—processes which necessitate 
permeability, a fluid flow mechanism, and an adequate supply of magnesium (Warren, 2000). 
Dolomite is also a known metastable mineral: crystals formed as replacements, precipitates, or 
hydrothermally may be re-formed into more stable phases. The result is the partial or complete 
dissolution of the original dolomite. At increasingly higher temperatures, this on-going re-
equilibration ―resets‖ the oxygen isotope signature of the dolomite (Warren, 2000). The process 
of reconstructing dolomite evolution via isotopic data is therein complicated and requires 
additional context.  
Moreover, it is difficult to characterize the dolomite at Elm Coulee because there is no 
universally agreed-upon explanation for the presence of such an expansive unit. The two 
thoughts regarding dolomite formation that are held in (relative) unanimity are that: (1) most 
dolomites are examples of secondary replacement of meta-stable calcium carbonates, like 
aragonite and high-Mg calcite; and (2) the ideal source of dolomitizing solution is sea water 
because of its high concentration of Mg ions (McKenzie and Vasconcelos, 2009). However, 
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modern sea water is supersatured with respect to dolomite, and no massive precipitation of 
dolomite has been observed (McKenzie and Vasconcelos, 2009). Proposed models must also 
consider that, at low temperatures, dolomite seems to need long reaction times (possibly more 
than 104 years) to replace existing carbonates (Hardie, 1987). Scientists have attempted to 
answer this ―dolomite problem‖ with a number of models that follow seven basic archetypes. 
These seven models include: hydrothermal, seawater, mixing zone, compaction, microbial, 
seepage-reflux, and sabkha (Figure 2.8). 
 
 
Figure 2.8: Examples of some environments that promote dolomite diagenesis: A. Sabkha-type 
settings, B. Seepage-reflux, C. Mixing-zone (deep confined aquifer), D. Mixing-zone 
(unconfined coastal aquifer), E. Compaction, and F. Seawater dolomitization (Tucker, 2001). 
 
2.5.1 A Note on Terminology 
 
 Because of the long and controversial history in determining whether dolomites qualify 
as either a primary precipitate or secondary replacement, some thought should be given to 
terminology. First, ―dolomitization‖ is defined in some literature as the replacement of CaCO3 
by CaMg(CO3)2; ―dolomite precipitation‖ has been used refer to the dolomite precipitated from 
an aqueous solution, specifically as a dolomite cement (Machel, 2004). Some literature (Machel, 
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2004) has been critical of using the phrases ―dolomitization‖ and ―dolomite precipitation‖ 
interchangeably.  
 In this paper, the author will strive to differentiate between these processes by referring to 
primary dolomite formation as ―dolomite precipitation,‖ secondary dolomite 
formation/replacement as ―dolomitization,‖ and cases in which the origin of the dolomite are 
unclear with a more general ―dolomite formation.‖ The author will also attempt to incorporate 
prefacing terms (e.g. ―primary dolomite precipitation‖). Although this will undoubtedly be 
considered by some as redundant, these prefacing terms will help to form a more clear and 




The hydrothermal model of dolomite formation addresses the high temperatures 
associated with primary dolomite precipitation in lab settings. In reasonable experimental times, 
it takes temperatures above 500°C for ionic mobility to be great enough for dolomite to form 
(Graf and Goldsmith, 1956). Geothermal heating could be one such heat mechanism, and the 
resulting convection could serve to assist in seawater dolomitization. Field and laboratory 
observations have shown primary dolomite precipitation through mineral reactions in response to 
gas discharge (90% CO2) and expulsions of hot seawater from hydrothermal vents on the sea 
floor (Pichler and Humphrey, 2001). The discharged gas forms shallow circulation cells, and this 
circulation heats cold seawater to about 100°C (Pichler and Humphrey, 2001). Primary dolomite 
is precipitated from the interaction of hydrothermal CO2 (g), primary sediment grains, and heated 
seawater (Pichler and Humphrey, 2001). Precipitation of CaSO4 will occur at temperatures 
above 70°C, which increases the Mg/Ca ratio; pH increases simultaneously due to the dissolution 
of iron oxide (Pichler and Humphrey, 2001). 
 In previous studies, hydrothermally-influenced dolomite has been differentiated from 
biogenetically-mediated and diagenetically-precipitated dolomite through carbon isotopes: 
bacterial sulfate reduction and primary diagenetic precipitates are associated with a depletion of 
δ13C, whereas hydrothermal dolomites are not (Pichler and Humphrey, 2001). 
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Having said this, the hydrothermal model of dolomitization is generally characterized by 





 Seawater dolomitization is often driven by other dolomite models: mixing zones, reflux, 
hydrothermal, or bacterial mediation. Occasionally, this is not the case. A.H. Saller (1984) used 
strontium isotopes to coincide the timing of post-Eocene Enewetak dolomite with a burial depth 
of more than 900m. This depth precludes the influence of both meteoric and hypersaline 
waters—a fact that Saller substantiated with diagnostically heavy carbon isotopes (1984). It was 
additionally determined that a mean δ18O value of 2.5‰ (PDB) could have been produced by 
either (1) precipitation from hypersaline waters at tropical temperatures of 28°C, or (2) 
precipitation from normal marine waters at temperatures substantially below 28°C (Saller 1984). 
Since hypersaline waters played no part in the diagenetic process, Saller concluded that the post-
Eocene Enewetak dolomite had to have formed via the flushing of cold normal marine waters 
through Eocene strata (1984). The deepest marine waters would have been the most 
undersaturated in terms of calcite and would therefore be the best setting for dolomitization 
(Saller 1984). An additional take-away is that thermally-induced seawater dolomitization does 
not always result in the typical characteristics of high temperature dolomite. 
 Conversely, there are many examples of seawater dolomitization that are actually a 
combination of other models. Mazzullo studied dolomite cements in Belize that exhibited near-
normal salinity and Mg/Ca ratios of pore fluids, which seemed to suggest precipitation from 
near-normal water (2000). Despite this, ―The strong odor of H2S and the presence of pyrite 
indicate[d] that dolomitization may [have been] promoted by high alkalinity induced by bacterial 
oxidation of organic matter‖ (Mazzullo 2000). Further, two cores were found to have enriched 
δ13C values, which suggest varying degrees of mixing of carbon from seawater and, possibly, the 
early stages of methanogenesis (Mazzullo 2000). 
 Like the hydrothermal model of dolomite formation, the seawater model (particularly 
when not thought to be a combination of other models) is characterized by deep oceanic settings. 
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The seawater model of dolomite formation is therefore another unlikely depiction of the 
dolomite-forming processes which took place in Elm Coulee field. 
 
2.5.4 Mixing Zone 
 
The mixing zone model poses the interaction between meteoric phreatic and marine 
waters as a likely setting for dolomite replacement of calcium carbonate (Figure 2.9) (Humphrey 
and Quinn, 1989). As a steady source of freshwater is essential to this model, dolomitic rocks 
containing evaporates are generally thought not to have formed in mixing zones because 
evaporates usually form in more arid conditions (Alexandre, 2011). A stable hydrologic setting is 
vital to this freshwater source: ongoing recharge creates a long-term mixing cell between fresh 




Figure 2.9: The resulting diagenetic environments of a single sea level lowering. Environments C 
and D illustrate the constant locations of the 100% low-Mg calcite and dolomite samples 
(respectively) taken from Golden Grove. Meteoric influence results in the stabilization of low-




Mixing zones can be inferred by fluctuating environmental conditions—in particular, the 
alternation of marine and freshwater influence. Petrographically, dolomite cement tends to 
interchange with calcite cement as waters become gradually less saline (Humphrey, 1988). Since 
calcite spar cement represents freshwater diagenesis and dolomite cement a more saline setting, 
complexly-banded cements indicate the fluctuating conditions that frequently occur within a 
mixing zone (Figure 2.10) (Humphrey, 1988). These bands can be influenced by the amount of 
meteoric discharge, diurnal tides, seasonality, and the regularity and intensity of storms 
(Humphrey, 1988). However, the period of dolomitization and number of bands must be 
considered before making any such interpretation: if dolomitization occurred over a period of 
~5000 years (as did the dolomites studied by Humphrey, 1998 at Golden Grove in southeastern 
Barbados) then thousands of dolomite-calcite band pairs might indicate a shorter-term influence, 
like seasonality (Humphrey, 1988). But if there were only tens of bands, as Humphrey observed, 
then a longer-term influence would be much more likely (Humphrey, 1988). 
Isotope data can likewise suggest whether diagenesis took place in a fluctuating 
environment. There are two cases in which isotopically light carbon is incorporated into 
carbonate precipitation: (1) meteoric water passes through a soil zone, dissolves soil-gas CO2 
originating from decaying organic material, and results in δ13C-depleted groundwater; or (2) 
bacteria reduces sulphate within the sediments and produces isotopically light carbon (as 
discussed previously) (Humphrey, 1988). So when no evidence of microbial influence is present, 
negative δ13C and depleted δ18O would imply involvement of meteoric waters (Figure 2.11) 
(Humphrey, 1988; Meyers et al., 1997). Generally in young coastal carbonate groundwater 
systems, negative carbon isotopes are very negative and are essentially all interpreted as having a 
soil-gas CO2 influence (Humphrey, 1988). Over-saturation of dolomite can, depending on pCO2, 
take place with as little as 5% seawater mixed with meteoric groundwaters (Humphrey, 1988).  
Slow rates of dolomite precipitation versus calcite dissolution have incited criticism of 
the ―mixing zone‖ as a model for dolomitization (Hardie, 1987). However, as shown by 
Humphrey in Barbados, the sequence of diagenetic features means that the complete paragenesis 
of the Golden Grove rocks occurred as a result of a single sea level lowering (1988). Therefore, 
dolomitization must have occurred extremely rapidly--nearly instantaneously on a geological 
time-scale (Humphrey, 1988). In this particular study, sea level fluctuations across the terrace 
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restrained dolomite formation to under 5,000 years (Humphrey, 1988). Further, some examples 
from the Golden Grove were 100% dolomite, which showed that complete dolomitization can be 
rapid in reef-associated carbonates (Humphrey, 1988). 
 
 
Figure 2.10: Alternating bands of calcite (stained red) and dolomite, diagnostic of interfering 
meteoric and marine waters. (A) Shows unstained limpid dolomite cement (ld), stained calcite 
(c), and pore space (p). (B) Features alternating bands of limpid dolomite cement (ld) and 
syntaxial calcite (c). The cement substrate is comprised of a skeletal grain (sg) and pore space 
(p). (C) Limpid dolomite (ld) overlain with isopachous layer of late-stage block calcite spar (lc). 
(D) Skeletal grain (sg) hosting alternating layers of limpid dolomite cement (ld) and late-stage 
calcite (lc). This petrographic feature is indicative of a mixing zone (Humphrey, 1988). 
 
 
Figure 2.11: Carbon versus oxygen isotope cross-plot for 52 samples (relative to PDB) from 
Golden Grove. Note the difference in oxygen and carbon scaling. The lighter carbon isotopes 







Dolomite diagenesis in subsurface environments can be controlled by a number of 
additional models, such as marine influence or mixing zones. Dolomites that were never deeply 
buried have limpid cements, planar facies (i.e. non-saddle forms), distinct zonation observable 
with cathodoluminescence microscopes, and syntaxial overgrowths on crystals facing pore space 
(Choquette and Hiatt, 2008) (Figure 2.12). These are suggested to have precipitated in water-
saturated networks of dolomite silt and sand at low temperatures (<30 to 35°C) and shallow 
burial depths (<100 m) from clear pore waters relatively free of organic matter and hydrocarbons 
(Choquette and Hiatt, 2008). The dolomites described in this context exhibit a consistent 
progression of textural maturation that involved: 1) replacement and/or engulfment of 
microporous lime mud by microcement, to form seed nuclei with crystal cortices; 2) dissolution 
of unreplaced CaCO3, creating water-filled intercrystalline and moldic pore systems that 
probably helped prevent compaction; and 3) the addition of significant volumes of free-space 
dolomite cement, which would lead to increased induration, crystal-size coarsening, and pore-
space occlusion (Choquette and Hiatt, 2008). 
 
 
Figure 2.12: Microphotos in PPL (A) and CL (B & C) of carbonates from the Ewards Group, 
Belton, Quarry, central Texas. Scale bars equal 100 lm. Pores (P) emphasize the planar faces and 
limpid character of the cement, which can be seen to have three CL zones ranging from black 






The compaction model, conversely, states that the dewatering of shales provides a pump 
that flushes water and Mg ions through the system. The compaction model explains the high 
temperatures necessary for modern dolomite precipitation in lab settings, but the lack of a 
continual source of fluid flow is problematic (Gregg, 1985). 
In previous work Alexandre (2011) cited compaction as one of the diagenetic stages in 
Elm Coulee field. The compaction model has been applied to both deep oceanic and subsurface 





The microbial model describes the reduction of sulfate or methanogenesis by bacterium, 
which facilitates biogenic dolomite precipitation (Teal et al., 2000; Warthmann et al., 2004; 
McKenzie and Vasconcelos, 2009). Experimentally, it has been determined that microbial 
mediation is the only known process of precipitating dolomite under earth surface conditions in 
both anoxic and aerobic environments (Jasionowski and Peryt, 2010). Bacterial sulfate reduction 
has been cited as a possible explanation for dolomites that host δ13C values which are 
increasingly depleted relative to surface seawater (Teal et al., 2000). The presence of authigenic 
pyrite and the odor of H2S in core have been interpreted as evidence of this progression, as well 
as enrichment of the diagenetic minerals Fe and Mn (Humphrey, 1988; Teal et al., 2000). Sulfate 




 + 2CH2O  H2S + 2HCO3
 -
 (Miao et al., 2012) (1) 
 2H+ + SO4
2-
 +4H2  H2S + 4H2O (Miao et al., 2012) (2) 
 
Precipitation of dolomite with δ13C values that are enriched relative to surface seawater is 
thought to have been promoted by methanogenesis: 
 









During both these processes, bacteria show a preference for incorporating and moving the lighter 
and more mobile δ12C. 
 Looking at the above equations for sulfate reduction, the only activity involving carbon is 
in the first (1) equation. It is produced as 2HCO3 
-
, which is bicarbonate in aqueous solution. 
Because it is easier for bacteria to incorporate the lighter δ12C, this solution will have a lower 
δ12C/δ12C ratio. The system will therefore produce isotopically light carbonates. 
 In the first (3) equation describing methanogenesis, bacteria will produce 2CO2 (carbon 
dioxide gas) that also has a lower δ12C/δ12C ratio. In the second (4) equation describing 
methanogenesis, bacteria will produce additional CO2 (carbon dioxide gas) and CH4 (methane 
gas) that is also isotopically light. In these equations, all the isotopically light material, with 
respect to carbonate, is being converted to gas. These gases are able to exit the system, resulting 
in an environment that will produce isotopically heavy carbonates. 
 These processes are commonly associated with one another: sulfate reduction is 
frequently followed by methanogenesis. Because δ12C is removed preferentially faster during 
methanogenesis, 13C-enriched biocarbonate is supplied to pore fluids (Teal et al., 2000). 
Methane production is presumed to begin after at least 90% of dissolved pore water sulfate is 
exhausted by bacteria and where this dissolved sulfate is not replenished (Teal et al., 2000). 
 Sulfate reduction and methanogenesis can occur ―below a few centimeters sub-bottom 
depths within anoxic platform deposits in contact with circulating marine pore fluids,‖ and are 
thought to increase: (1) pore-water alkalinity, (2) Mg and Ca activity, and (3) the ion activity 
product for dolomite (Teal et al., 2000). It is possible that these processes are able to surmount 
the conventional limitations of dolomite precipitation at surface temperatures. One theory is that 
connate waters are retained within ―micro-niches‖ (or, small isolated pore spaces) in carbonate 
sediments (Sadooni et al., 2010). These pore waters become anoxic and able to support specific 
microbes, which eventually results in organically-mediated dolomite formation (Sadooni et al., 
2010). This theory is supported by the high porosities (up to 60%) observed in recently deposited 
carbonate sediments, which could act as nucleation sites for dolomite precipitation (Sadooni et 
al., 2010). The ―micro-niche‖ theory has the potential to be applicable to the porous dolomitic 
sediments found at Elm Coulee field, and biogenic dolomite precipitation in general makes sense 
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in conjunction with the interpretation that the Bakken was a part of a continent-wide anoxic 
event (Sonnenberg and Pramudito, 2009). 
 Microbial stromatolites generally show growth forms from one of four categories: 1. 
laterally-linked hemispheroids, stacked hemispheroids, laterally-linked/stacked hemispheroids, 
and spheroids (oncoids) (Figure 2.13) (Logan et al., 1964; Scholle and Ulmer-Scholle, 2003). It 
is important in reading this and concurrent research (Tidholm, 2018) to be mindful that microbial 
stromatolites are usually easier to recognize in outcrop or in a polished slab, and are typically 
harder to identify in thin section (Scholle and Ulmer-Scholle, 2013). 
 
 
Figure 2.13: Diagram of the various structures associated with microbial stromatolite growth. 
These structures are normally easier to identify in outcrop or polished slabs as opposed to thin 
sections. Figure taken from Scholle and Ulmer-Scholle (2003), which in turn was based on work 








 The production of dolomite in sabkha environments is driven by tides and onshore winds. 
These forces propel seawater onto supratidal flats, where selective evaporation and changes in 
density force fluid flow in a seaward-direction down through the substraight. Seawater in 
sabkha-type settings is progressively concentrated via evaporation, which results in the 
precipitation of aragonite and gypsum (Hardie, 1987). Aragonite and gypsum precipitation leads 
to an increase in the Mg/Ca ratio, and these Mg-rich hypersaline brines beneath the sabkha 
surface have been interpreted to be dolomitizing or dolomite-precipitating fluids (Hardie, 1987). 
Therefore, this model is generally coupled with evaporitic settings, and the onshore sediment 
will usually contain evaporate deposits (Figure 2.14) (McKenzie, 1981). Only high-Mg, high-
salinity brines have been able to produce a dolomitic phase in laboratory settings at low 
temperatures, which supports sabkha environments as a setting of and model for dolomitization 
(Hardie, 1987). 
 As a result of their episodic flooding, sabkhas do have hydrological and hydrochemical 
cycles (Machel, 2004). These cycles can generally be broken down into three phases: 1. storm-
driven flooding of the near-coastal supratidal flats and tidal channels, 2. capillary evaporation, 
and 3. evaporative pumping (McKenzie et al., 1980; Muller et al., 1990; Machel, 2004). The 
cyclic nature of deposition in sabkha-like environments is reflected in the idealized vertical 
profile of a sabkha with facies units as follows (moving up-section): subaerial, transgressive, 
subtidal, lower intertidal, upper intertidal, and supratidal (Figure 2.13) (McKenzie, 1981). 
Another issue involved with the sabkha model is addressing whether the resulting 
dolomite is a direct precipitate or a replacement mineral. McKenzie (1981) considers dolomite 
formation in a sabkha environment to be a replacement process because of mass balance 
calculations. In her work, McKenzie (1981) included the relative proportions of aragonite and 
calcian dolomite in sabkha sediments. She reasoned that dolomites have ―aging‖ features: 
increased ordering in the crystal lattice, increased crystal size, and continued isotopic 
equilibration with the lower-temperature brines at greater depths under the sabkha surface. Her 
samples from the coastal sabkhas of Abu Dhabi resulted in: isotopic data that revealed decreased 
ordering with increased distance from the shoreline, XRF measurements that indicated an 
increase in the amount of dolomite with respect to aragonite (again, moving away from the 
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shoreline), and carbon-14 dating that placed the oldest dolostones the farthest from the shoreline. 
From this, McKenzie concluded that dolomite was forming as a replacement of aragonite. She 
was able to substantiate these claims with scanning electron microscopy (SEM), which gave 




Figure 2.14: Idealized vertical profile of a sabkha (McKenzie, 1981). Moving up-section, facies 
are as follows: subaerial, transgressive, subtidal, lower intertidal, upper intertidal, and supratidal. 
The right column gives more specific lithologic descriptions of these facies units. 
 
Hardie (1987) disagrees with McKenzie’s (1981) findings. He points out that there is no 
obvious visual evidence of absorption by replacement in McKenzie’s SEM imagery (Figure 
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2.15). He points out that comparable aragonite-dolomite interactions are visible in the Holocene 
dolomite crusts of Andros Island, Bahamas, which were interpreted as evidence of direct 
precipitation of dolomite cement into void space. With this he argues that an observation of 
aragonite varying antipathetically with dolomite across a sabkha could also be applied to a 
sabkha model featuring dolomite as a direct precipitate. 
 
 
Figure 2.15: Both images taken from McKenzie (1981). A. Scanning electron microscope (SEM) 
image of the pore spaces between cemented particles in a crust sample (AD46) from Abu Dhabi 
sabkha. Dolomite edges appear sharp, as opposed to the more ragged aragonite edges, suggesting 
that dolomitization is occurring coevally with aragonite dissolution. B. Scanning electron 
microscope (SEM) image of dolomite rhombs with clear forms and sharp edges being penetrated 
by aragonite needles in a crust sample (AD46) from Abu Dhabi sabkha. This image shows the 
aragonite needles as likely nucleation sites for dolomite. 
 
 Hardie (1987) instead argues that alternative origins of dolomite should be considered. 
He writes that dolomite in sabkhas—particularly the Abu Dhabi sabkha—can be explained as 
primary precipitates. (He does allow that both primary precipitation of dolomite and secondary 
dolomitization as a replacement for aragonite can potentially work together in a sabkha setting 
under different constraints and periods of time.) Hardie described this primary precipitation as: 
 
(1 + x) Ca
2+




If this is the case, then the limiting factor of dolomite formation would not be the availability of 
aragonite (as McKenzie proposed), but the availability of CO3 ions. The question of primary 
verses secondary dolomite formation is therefore significant because it is a question of very 




 The seepage-reflux model features the dolomitizing solution as a brine with a high 
Mg/Ca ratio due to the removal of Ca through aragonite, gypsum, or anhydrite precipitation 
(Lasemi and Boardman, 1989). In the seepage-reflux model, this precipitation is driven by 
selective evaporation that takes places because of the restriction in seawater flow due to a 
naturally-occurring barrier (e.g. a reef) (Figure 2.16). Normal seawater is not typically thought to 
be a dolomitizing fluid because of kinetic inhibitors, but normal marine dolomitization has been 
considered (Saller, 1984; Lasemi and Boardman, 1989).  
 The seepage-reflux and sabkha models can appear very similar, as they are related both 
hydrologically and hydrochemically (Machel, 2004). As a result of this they are sometimes 
confused in literature. Seepage-reflux and sabkha models, however, are applied to very different 
environments and paleoenvironments. The seepage-reflux model occurs in lagoonal and shallow-
marine settings, set behind a barrier (e.g. a reef) on a carbonate platform; sabkhas are intertidal-
supratidal surfaces that have deflated and are episodically flooded. The barrier is essential to the 
seepage-reflux model because it is the factor that controls the circulation of surficial waters, 





Figure 2.16: Representative schematic showing the environment and mechanisms influencing the 
generation of porosity, dolomite, and dolomite cement in the Permian Clear Fork and Grayburg 


























CHAPTER 3  
CORE DESCRIPTIONS AND INTERPRETATION 
 
This study utilizes core description, XRD and RCA data, thin sections, isotope analysis, 
and FE-SEM sampling associated with nine cores (Table 3.1). The following section will discuss 
the individual statistics, histories, and general data specific to: Jackson-Rowdy, Stockade-Jayla, 
Peabody-Minifie, RR Lonetree-Edna, Coyote-Putnam, Bullwinkle-Yahoo, Brutus East-Lewis, 
Peanut-Jimmy, and Foghorn-Ervin. This order reflects an overall west-east progression, as 
illustrated in Figure 3.1. 
 
Table 3.1: Chart illustrating datasets available for each of the nine cores discussed in this study. 
JR: Jackson-Rowdy, SJ: Stockade-Jayla, PM: Peabody-Minifie, RR LE: RR Lonetree-Edna, CP: 
Coyote-Putnam, BY: Bullwinkle-Yahoo, B EL: Brutus East-Lewis, PJ: Peanut-Jimmy, and FE: 
Foghorn-Ervin. 
 
JR SJ PM 
RR 
LE CP BY B EL PJ FE 
Core 
description 
X X X X X X X X X 
XRD X X 
 
X X X X X X 
RCA X X 
 
X X X X X X 
Thin 
sections 
  X X         X   
Isotope data   X           X   
FE-SEM 
sampling 





Figure 3.1: Map showing the locations of the nine cores featured in this research within the 
boundary of Richland County, Montana. Except for Jackson-Rowdy, all of the above cores are 
located within the bounds of Elm Coulee field. Blue dots denote the locations of other wells that 
were not featured in this study. This figure was created using Drilling Info’s online mapping 
tool. 
 
3.1 Core Data 
 
Thin section analysis was one source of information that is utilized in this study. Three of 
the nine cores in this study were sampled for thin sections, and these sets of thin sections were 
treated with different methods to highlight specific features. Additional information on this 
paper’s petrographic work is discussed in Chapter 4. 
Other datasets in this research include x-ray diffraction (XRD) and routine core analysis 
(RCA). With the exception of the Peabody-Minfie core, all the cores discussed in this study have 
supplementary XRD and RCA data. Some of this data is highlighted in Figure 3.2, which shows 
a cross-section of the study area. All XRD data was provided by The Mineral Lab, Inc., and all 
RCA data was produced by Core Labs. These data sets were obtained using the methods 




3.1.1 X-Ray Diffraction 
 
Samples were crushed to diameters less than 0.25 inches, after which a representative 
portion of each of these crushed samples was ground in a steel swing mill to approximately -400 
mesh. This material was then packed into a well-type plastic vial and scanned with a 
diffractometer using the settings: 3-61° 2θ with Cu-Kα radiation. Ground samples were also used 
in oriented mounts, which aids in the identification of clay minerals. The ground samples were 
mixed with distilled water, and this mixture was drawn up onto a cellulose acetate filter and then 
deposited onto a glass disk. The resulting oriented mounts were scanned with a range of 2-30°; 
they were then treated with glycol and re-scanned with a range of 2-22°. 
 The relative peak heights/areas on the subsequent XRD scans in conjunction with x-ray 
fluorescent (XRF) data were used by The Mineral Lab, Inc. to generate approximate mineral 
weight percentage concentrations. The Mineral Lab, Inc. has set their detection limit for an 
average mineral to be about 1-3% and their analytical reproducibility to be approximately equal 
to the square root of each mineral weight percentage. 
 
3.1.2 Routine Core Analysis 
 
Using CMS-300 Conventional Plug Analysis Protocol, samples were prepared for RCA 
by using liquid nitrogen to drill plugs with one inch diameters. These plugs were then trimmed 
into cylinders with a diamond-blade trim saw and placed in Dean Stark equipment using toluene, 
which was followed by Soxhlet extraction cycling between a chloroform/methanol (87:13) 
azeotrope and methanol. Samples were dried at 240° F to weight equilibrium (+/- 0.001 g). 
Boyle’s Law was employed by measuring grain volume at ambient conditions and pore volume 
at indicated net confining stresses, which gave porosity values. Fluid saturations were all 
produced using the Dean Stark technique with the following fluid properties: 1.032 g/cc (50000 




Figure 3.2: Chemostratigraphic cross section with a general NW-SE trend. XRD data featured was sampled from (A-A’): Jackson-Rowdy, 
Stockade-Jayla, RR Lonetree-Edna, Coyote-Putnam, Bullwinkle-Yahoo, and Foghorn-Ervin. 
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3.2 Core Histories and Descriptions 
 
The following core histories were compiled using data from Drilling Info, and all 
information is accurate as of January 7
th
, 2019. Drilling Info (DI) presents field information in a 
specific format, which was clarified through the customer service chat application offered on 
DI’s website. When viewing data for a specific well on DI’s website, ―Field‖ refers to field 
location as reported by the drilling operator. DI’s website will also provide the ―DI Subplay‖ for 
a well, which is the field name that DI has determined best fits the well’s drilling location. 
Frequently these match (e.g. Stockade-Jayla’s ―Field‖ and ―DI Subplay‖ are both given as Elm 
Coulee), but sometimes they do not (e.g. RR Lonetree-Edna’s ―Field‖ is given as Wildcat 
Richland, and its ―DI Subplay‖ is given as Elm Coulee). The DI Subplays are more accurate for 
each given well. In this section, the given field names are the DI Subplays as listed on DI’s 
website. Any discrepancy between DI Subplay and Field will be noted in parentheses, such as for 
RR Lonetree-Edna: Elm Coulee (reported field: Wildcat Richland). If necessary, additional 
clarification can be found on DI’s website. 
 
3.2.1 Jackson-Rowdy 3-8 
 
Jackson-Rowdy (API#: 25083227930000) is an inactive well whose core was drilled on 
November 16, 2008 by Enerplus in Richland, MT. Jackson-Rowdy is located at Section 03, 
Township 26N, Range 51E (surface hole WGS84 latitude: 48.0357087, surface hole WGS84 
longitude: -105.1103051); this places the well within the Wildcat Richland field. Of the nine 
cores featured in this project, Jackson-Rowdy is the only core examined outside of Elm Coulee 
field. During the drilling process the target formation was the Bakken; however, Jackson-Rowdy 
never achieved a producing reservoir and was deemed a dry hole. As a result of this, there is no 
available production history associated with this well. 
The Jackson-Rowdy core includes a 39ft interval that was taken from 7664ft through 
7625ft (driller’s depth), corresponding with 7665ft through 7626ft (logger’s depth). This portion 
of the Jackson-Rowdy core starts in the Late Devonian Lower Bakken Shale and continues up 
through the Early Mississippian Upper Bakken Shale. 
Even though Jackson-Rowdy was not drilled within Elm Coulee field, this well’s 
associated core still provides a more geographically comprehensive view of the Bakken 
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petroleum system. There are a few inhibiting factors which are immediately apparent in Figure 
3.3. XRD data shows that the distribution of calcite and dolomite in the Jackson-Rowdy core is 
significantly different than the other cores in this study. Moving up through Facies A and B1, 
there is an enormous amount of calcite in Jackson-Rowdy compared to these other cores (Figure 
3.3). In Jackson-Rowdy calcite content does drop off moving farther up-section, but the amount 
of dolomite is much more sporadic than in other cores. These features suggest that diagenesis 
and dolomite formation in Jackson-Rowdy was much less significant than in the other well sites. 
This makes sense geographically because, of all the cores in this project, Jackson-Rowdy is the 
most distal to the paleo-shoreline (Figures 2.1 and 3.1). From this it is reasonable to conclude 
that Jackson-Rowdy was the farthest from the diagenetic influences which promoted dolomite 
formation and secondary porosity, and which made the MBM so productive. 
Another factor that affects Jackson-Rowdy’s ability to produce is the Jackson-Rowdy 
core’s illite content. The amount of illite in Jackson-Rowdy is much higher than what is seen in 
this project’s other featured cores. The petrographic work described in Chapter 4 suggests that 
illite cementation has a detrimental influence on porosity and permeability (Figure 4.19), and the 
XRD and RCA data shown in Figure 3.3 further support this conclusion. Areas of decreased illite 
content correlate with higher Klinkenberg permeability, and these sections also appear to 
coincide with gradual increases in porosity and oil saturation. The trend of lower illite content 
and increased permeability is particularly noticeable in Figure 3.3 at depths 7645.4ft and 
7637.5ft, where sharp spikes in permeability can be matched to abrupt decreases in illite content. 
While these mineralogical increases and permeability decreases do not have perfect matching 
core depths, the connection is strong enough that this discrepancy can reasonably be treated as an 
artifact of sampling method or resolution. 
 
3.2.2 Stockade-Jayla 32-3-HID3 
 
Stockade-Jayla (API#: 25083227370000) is an active well whose core was drilled on 
December 3, 2008 by Enerplus in Richland, MT. Stockade-Jayla is located at Section 32, 
Township 25N, Range 54E, and Quarter-quarter NENW (surface hole WGS84 latitude: 
47.881622, surface hole WGS84 longitude: -104.777175); this places the well within this paper’s 




Figure 3.3: Digitized core description of Jackson-Rowdy. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were performed on February 2, 2009 and were attained through The 
Mineral Lab, Inc. Shown in the far right column are mineralogical data from 34 samples. 
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Bakken, and the Enerplus operators were able to successfully hit the producing MBM. The 
Stockade-Jayla well has been producing for 166 months and has produced a cumulative oil 
volume of 84,103 bbl and a cumulative gas volume of 132,954 Mcf. 
 The Stockade-Jayla core includes a 37ft interval that was taken from 9753ft through 
9716ft (driller’s depth), corresponding with 9757ft through 9716ft (logger’s depth). This portion 
of the Stockade-Jayla core starts in the Late Devonian lower Bakken shale and continues into the 
Early Mississippian Upper Bakken Shale. 
 The Stockade-Jayla core shows patterns that are indicative of diagenetic influence and 
secondary porosity. In this study, these features are also associated with well productivity. Such 
features include: increasing dolomite content up-section through the A, B1, B2, and B3 facies; a 
peak in measured porosity, oil saturation, and Klinkenberg permeability in the B2/B3 facies; and 
relatively low levels of illite which decrease from Facies A moving up through Facies B3, and 
increase at the transition from Facies B3 to Facies D/E. These factors also provide geospatial 
information for sources of sediment and fluid influx and influence. 
 There is a relatively minor peak in silica content around 9725ft, which matches with the 
overall increases in both porosity and oil saturation (Figure 3.4). Comparatively, all the other sets 
of XRD data included in this paper show a corresponding silica peak that coincides with the 
deposition of the Facies D sandstone or, in the absence of Facies D, with the unconformity 
between Facies B3 and Facies E. This silica peak may be explained by an increased influx of 
detrital silica because Facies D represents the most shallow environment in the MBM (Figure 
2.4). 
However, every set of XRD data included in this study also exhibits a sharp increase in 
silica content coinciding with the MBM/UBS transition (or otherwise directly preceding the 
transition), which is associated with higher sea levels. Perhaps this higher sea level facilitated 
sediment transport from the adjacent Sweetgrass Arch, resulting in an increase in detrital silica. 
 
3.2.3 Peabody-Minifie 26-14H 
 
Peabody-Minifie (API#: 25083224320000) is an active well whose core was drilled in 
2006 by Enerplus in Richland, MT. Peabody-Minifie is located at Section 26, Township 24N, 




Figure 3.4: Digitized core description of Stockade-Jayla. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 
column are mineralogical data from 18 samples. 
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WGS84 longitude: -104.500072); this places the well within this paper’s primary area of study, 
Elm Coulee field. During the drilling process the target formation was the Bakken, and the 
Enerplus operators were able to successfully hit the producing MBM. The Peabody-Minifie well 
has been producing for 149 months and has produced a cumulative oil volume of 281,329 bbl 
and a cumulative gas volume of 342,365 Mcf. This well included two directional operations: 
25083224320101 and 25083224320100. The target formation of the Peabody-Minifie well was 
the Bakken Formation. 
 The Peabody-Minifie core includes a 32ft interval that was taken from 10,439ft through 
10,407ft (driller’s depth). This portion of the Peabody-Minifie core starts in the Late Devonian 
Three Forks Formation and continues into the Early Mississippian Upper Bakken Shale. The 
Peabody-Minfie core does not have any associated RCA or XRD data. However, as the Peabody-
Minifie well is the most productive in terms of oil and gas volume in the context of this study, 
the lithologic and accompanying facies descriptions of this core will be closely analyzed. 
 The most apparent differentiating factor of the Peabody-Minifie core is the size of the 
described B3 facies (Figure 3.5). In nearly every core in this study, Facies B2 is the largest 
described facies. In the Peabody-Minifie core, the B3 facies is the largest. There is an abrupt 
color change in Facies B2 from a light bluish-gray to a light buff or brownish-gray (Figure 3.5). 
While both the MBM’s Facies B2 and Facies B3 can take on this buff color, Facies B3 was 
differentiated from B2 in the Peabody-Minifie core based on: the presence of muddy partings 
throughout, intervals of wavy to parallel lamination, discrete examples of Phycosiphon 
ichonofossils, and an overall lack of patchy calcite cementation (Figure 3.5). 
 The significance of Peabody-Minfie’s unusually large Facies B3 is the relationship seen 
in other cores between Facies B3 and productivity: in this study, Facies B3 is generally 
considered to be the main reservoir rock in the Bakken petroleum system in Elm Coulee. 
Peabody-Minifie’s comparatively large Facies B3 may indicate a larger reservoir, and therefore 
more accommodation space for petroleum sources to gather and be stored. In turn, the fact that 
Peabody-Minifie may have a larger section of reservoir could explain why this well is so much 





Figure 3.5: Digitized core description of Peabody-Minifie. In the absence of routine core analysis 
(RCA) and x-ray diffraction (XRD) data, facies were differentiated based on core-scale 
observation. The far right column includes photos of the Peabody-Minifie core with additional 























3.2.4 RR Lonetree-Edna 1-13  
 
RR Lonetree-Edna (API#: 25083229650000) is an active well whose core was drilled on 
October 7
th
, 2007 by Enerplus in Richland, MT. RR Lonetree-Edna is located at Section 01, 
Township 23N, Range 56E, and Quarter-quarter SWSW (surface hole WGS84 latitude: 
47.77599, surface hole WGS84 longitude: -104.483365); this places the well within this paper’s 
primary area of study, Elm Coulee field (reported field: Wildcat Richland). The target formations 
for RR Lonetree-Edna were reported to DI as the Muddy Sandstone and the Dakota Formations. 
Neither of these formations is listed under formation tops on RR Lonetree-Edna’s DI well card, 
and DI suggests that the actual intended target play was the Bakken. During the drilling process 
Enerplus operators were able to successfully hit multiple producing reservoirs according to DI, 
but no additional information is given about which formations were productive. The RR 
Lonetree-Edna well has produced a cumulative oil volume of 892 bbl. In addition to the vertical 
pilot (25083226950000), RR Lonetree-Edna included two directional operations 
(25083226950100 and 25083226950101).  
The RR Lonetree-Edna core includes a 28ft interval that was taken from 10,416ft through 
10,388ft (driller’s depth), which corresponds with 10,409ft through 10,381ft (logger’s depth). 
This portion of the RR Lonetree-Edna core starts in the Late Devonian Three Forks Formation 
and continues up into the Early Mississippian Upper Bakken Shale. 
The dolomite content of the RR Lonetree-Edna core does appear to match the overall 
trends of porosity and oil saturation seen in the other studied cores (Figure 3.6). Unlike 
Stockade-Jayla, there does not appear to be any connection between the amount of silica and this 
core’s Klinkenberg permeability, and, unlike Jackson-Rowdy, there does not appear to be any 
relationship between illite content and RR Lonetree-Edna’s permeability. In fact, the 
permeability values seen in the RR Lonetree-Edna core are consistently low throughout the 
MBM. 
 
3.2.5 Coyote-Putnam 9-15-HID3 
 
Coyote-Putnam (API#: 25083227350000) is an active well whose core was drilled on 




Figure 3.6: Digitized core description of RR Lonetree-Edna. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 
column are mineralogical data from 28 samples. 
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Township 23N, Range 57E, Quarter-quarter: SWSE (surface hole WGS84 latitude: 47.762887, 
surface hole WGS84 longitude: -104.409864); this places the well within this paper’s primary 
area of study, Elm Coulee field. During the drilling process the target formation was the Bakken, 
and the Enerplus operators were able to successfully hit the producing MBM. The Coyote-
Putnam well has been producing for 115 months and has produced a cumulative oil volume of 
85,152 bbl and a cumulative gas volume of 162,915 Mcf. 
 The Coyote-Putnam core includes a 36ft interval that was taken from 10,380ft through 
10,344ft (driller’s depth and logger’s depth). This portion of the Coyote-Putnam core starts in the 
Late Devonian Three Forks and continues up into the Early Mississippian Upper Bakken Shale. 
 The Coyote-Putnam core shows a significant variability with respect to Klinkenberg 
permeability (Figure 3.7). Like Stockade-Jayla, this permeability closely mimics the variations in 
porosity and oil saturation. All of these features again have a positive correlation with dolomite 
content. 
 Like Jackson-Rowdy and Stockade-Jayla, the Coyote-Putnam core exhibits the D facies. 
Unlike these two previous cores, the depths of Coyote-Putnam’s Facies D coincide with a 
substantial peak in porosity, oil saturation, and permeability. In contrast, the Jackson-Rowdy and 
Stockade-Jayla cores feature similar data highs in their respective B3 facies; meaning that the 
sediments with the highest values of porosity, oil saturation, and permeability were all deposited 
before Facies D. Looking at the relative locations of Jackson-Rowdy, Stockade-Jayla, and 
Coyote-Putnam on Figure 3.1, it is likely that dolomitizing processes took place concurrently. If 
Coyote-Putnam was a more shallow environment (considering that Facies D would be closer to 
the paleoshoreline than Facies B3) at the same time that Jackson-Rowdy and Stockade-Jayla 
were deeper environments, then the resulting facies would have similar diagenetic features 
despite representing different environments. 
 
3.2.6 Bullwinkle-Yahoo 4-1-HSU 
 
Bullwinkle-Yahoo (API#: 25083228370000) is an inactive well whose core was drilled 
on February 27, 2011 by Enerplus in Richland, MT. Bullwinkle-Yahoo is located at Section 04, 
Township 23N, Range 57E, and Quarter-quarter: NENE (surface hole WGS84 latitude: 




Figure 3.7: Digitized core description of Coyote-Putnam. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 
column are mineralogical data from 28 samples. 
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primary area of study, Elm Coulee field. During the drilling process the target formation was the 
Bakken, and the Enerplus operators were able to successfully hit the producing MBM. The 
Bullwinkle-Yahoo well has produced for 42 months and has produced a cumulative oil volume 
of 31,562 bbl and a cumulative gas volume of 42,187 Mcf. 
 The Bullwinkle-Yahoo core includes a 37ft interval that was taken from 10,490ft through 
10,453ft (driller’s depth), which corresponds to 10,497ft through 10,460ft (logger’s depth). This 
portion of the Bullwinkle-Yahoo core starts in the Late Devonian Three Forks and continues up 
into the Early Mississippian Upper Bakken Shale. 
 The Bullwinkle-Yahoo core is another example of sediments whose porosity, oil 
saturation, and (to a lesser extent) permeability all appear to have a positive correlation with 
dolomite content (Figure 3.8). This core’s RCA and XRD data highlight the pattern that is 
generally expected from producing reservoir rock in the MBM: a gradual increase in porosity, oil 
saturation, and (again, to a lesser extent) permeability moving up through Facies B1, B2, and B3; 
cumulating in a data high followed by a drop in the D facies. As with the previously discussed 
cores, these overall increases and decreases in RCA data are mimicked in the amount of dolomite 
present. 
 
3.2.7 Brutus East-Lewis 3-4-H 
 
Brutus East-Lewis (API#: 25083225070000) is an active well whose core was drilled in 
2007 by Enerplus in Richland, MT. Brutus East-Lewis is located at Section 03, Township 24N, 
Range 57E, and Quarter-quarter NWNW (surface hole WGS84 latitude: 47.866641, surface hole 
WGS84 longitude: -104.397071); this places the well within this paper’s primary area of study, 
Elm Coulee field. During the drilling process the target formation was the Bakken, and the 
Enerplus operators were able to successfully hit the producing MBM. The Brutus East-Lewis 
well has produced for 131 months and has a cumulative oil volume of 44,491 bbl and a 
cumulative gas volume of 29,210 Mcf. 
The Brutus East-Lewis core includes a 38.5ft interval that was taken from 10,419.5ft 
through 10,381ft (driller’s depth), which corresponds to 10,425.5ft through 10,387ft (logger’s 
depth). This portion of the Brutus East-Lewis core starts in the Late Devonian Lower Bakken 




Figure 3.8: Digitized core description of Bullwinkle-Yahoo. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 




 Like previous cores, there appears to be a strong relationship in the Brutus East-Lewis 
core between porosity, oil saturation, and dolomite content (Figure 3.9). Unlike previous cores, 
there appears to be an almost inverse relationship in Brutus East-Lewis between these factors and 
permeability; this is particularly evident at the depths 10,398ft, 10,408ft, and 10,414ft. 
 Other peculiar features in the Brutus East-Lewis core are the two large spikes in calcite 
content at 10,403ft and 10,411ft (Figure 3.9). The Jackson-Rowdy and Coyote-Putnam cores also 
have a similar basal calcite peak. This calcite high can be found anywhere from the A through 
the lower B2 facies, but no other cores in this study show the set of two calcite peaks as seen in 
Brutus East-Lewis. Furthermore, these data peaks are prominent enough and encompass enough 
data points that it is unlikely for error to have been introduced during XRD sampling/analysis. 
 
3.2.8 Peanut-Jimmy 22-3-HID3 
 
Peanut-Jimmy (API#: 25083227360000) is an active well whose core was drilled on 
September 18, 2008 by Enerplus in Richland, MT. Peanut-Jimmy is located at Section 22, 
Township 24N, Range 57N, and Quarter-quarter NENW (surface hole WGS84 longitude: 
47.833397, surface hole WGS84 latitude: -104.392321); this places the well within this paper’s 
primary area of study, Elm Coulee field. During the drilling process the target formation was the 
Bakken, and the Enerplus operators were able to successfully hit the producing MBM. The 
Peanut-Jimmy well has produced for 118 months and has a cumulative oil volume of 138,496 bbl 
and a cumulative gas volume of 222,463 Mcf. 
 The Peanut-Jimmy core includes a 42ft interval that was taken from 10,470ft through 
10,428ft (driller’s depth and logger’s depth). This portion of the Peanut-Jimmy core starts in the 
Late Devonian Pronghorn and continues up into the Early Mississippian Upper Bakken Shale. 
 Peanut-Jimmy’s facies, RCA, and XRD data all conform to the general trends that make 
the MBM productive. Following the described facies up-core, there is an overall increase in 
porosity, oil saturation, and permeability (Figure 3.10). These RCA values, which are associated 
with increased production, increase up through Facies A, B1, and B2 before peaking in Facies 
B3. The grain sizes in the Peanut-Jimmy core never reached a very fine sand size, and as a result 
this core does not exhibit any lithology indicative of the D facies. 




Figure 3.9: Digitized core description of Brutus East-Lewis. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 
column are mineralogical data from 32 samples. 
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the XRD data column up-core, there is an obvious and regular increase in dolomite content 
through Facies A, B1, B2, and B3. There is also a general decrease in illite content moving away 
from the LBS and up into the MBM (Figure 3.10); towards the top of the section, illite is 
completely absent at the depths where dolomite content is highest and RCA values are 
maximized (at about 10,438ft). Illite does make a return in the facies preceding the deposition of 
the UBS, as both dolomite content and RCA values begin to decrease again. 
 
3.2.9 Foghorn-Ervin 20-3-HLID3 
 
Foghorn-Ervin (API#: 25083227390000) is an active well whose core was drilled by 
Enerplus in Richland, MT. Foghorn-Ervin is located at Section 20, Township 23N, Range 58E, 
and Quarter-quarter NENW (surface hole WGS84 latitude: 47.746643, surface hole WGS84 
longitude: -104.307141); this places the well within this paper’s primary area of study, Elm 
Coulee field. During the drilling process the target formation was the Bakken, and Enerplus 
operators were able to successfully hit the producing MBM. The Foghorn-Ervin well has 
produced for 119 months and has a cumulative oil volume of 181,911 bbl and a cumulative gas 
volume of 188,361 Mcf. 
 The Foghorn-Ervin core includes a 32ft interval that was taken from 10,536ft through 
10,504ft (which represents both the driller’s depth and logger’s depth). This portion of the 
Foghorn-Ervin core starts in the Late Devonian Three Forks and continues up into the Early 
Mississippian Upper Bakken Shale. 
 Figure 3.10 shows some of the same patterns in RCA and XRD data as described 
previously, but these trends appear to be generalized. This is especially true when compared to 
datasets like that of Stockade-Jayla (Figure 3.4) and Peanut-Jimmy (Figure 3.10). There is, 
however, a continuation of the overall correlation between RCA and XRD data. In Figure 3.11 
there is a general increase in porosity, oil saturation, and permeability following this section up 
through Facies B1, B2, B3, D, and even into the overlying E facies. This trend appears to match 
with an overall decrease in dolomite content. Figure 3.11 shows a peak in measured permeability 
in the E facies, but this is not particularly surprising considering the unpredictability of 
Klinkenberg permeability values throughout the tested cores in this study. Interestingly, the XRD 
data in Figure 3.10 does show a slight overall decrease in illite content that generally appears to 




Figure 3.10: Digitized core description of Peanut-Jimmy. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 




Figure 3.11: Digitized core description of Foghorn-Ervin. Porosity, oil saturation, and 
Klinkenberg permeability were provided via routine core analysis (RCA) through Core Lab. All 
x-ray diffraction (XRD) data were attained through The Mineral Lab, Inc. Shown in the far right 





 The MBM at Elm Coulee field is recognized as a successfully-producing reservoir 
primarily due to its porosity, which this study has concluded is secondary in nature. Looking at a 
chemostratigraphic correlation across Elm Coulee, it is immediately apparent that MBM porosity 
shows a consistent pattern of increasing up through the B1, B2, B3, and occasionally D facies 
(Figure 3.2). In Figure 3.2, we can see that these variations in porosity have a positive correlation 
with dolomite content. This data shows that the previous conclusions—namely, that dolomite 
formation in the MBM controls secondary porosity—are correct. 
 The core descriptions in this chapter and the resulting chemostratigraphic correlation 
have highlighted other influences on productivity in the Bakken petroleum system. The 
petrographic work done in Chapter 4 showed a connection between increased illite content and 
decreased porosity, which has been supported by core descriptions, RCA, and XRD data. These 
datasets have also shown a link between chlorite content and positive RCA values. With the 
exception of Foghorn-Ervin, every core with available mineralogical data shows an overall 
decrease in chlorite content moving up-core. Even Foghorn-Ervin, which does not seem to 
conform to this trend, shows a significant decrease in chlorite content that correlates with spikes 
in porosity and oil saturation. It may be that chlorite has no influence on permeability, and the 
relationship between chlorite and permeability seen in the cores (other than Foghorn-Ervin) is 
incidental. That is, if chlorite affects porosity and oil saturation, it may only appear to influence 
permeability. For instance, while chlorite does appear to have a strong connection to porosity and 
oil saturation in RR Lonetree-Edna (Figure 3.11), it does not appear to influence permeability. 
 In fact, permeability has been shown to vary wildly from one core to another. This 
variability is even noticeable within an individual core. There are cores where permeability 
appears to be closely tied to both porosity and oil saturation (Stockade-Jayla, Coyote-Putnam, 
and Peanut-Jimmy), cores where permeability appears to have a very general relationship with 
porosity and permeability (Jackson-Rowdy, Bullwinkle-Yahoo, and Foghorn-Ervin), and cores 
where permeability does not appear to have any relationship with porosity and oil saturation 
(Brutus East-Lewis and RR Lonetree-Edna). 
 It is therefore difficult to say which feature or features control permeability in the MBM
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as seen in Elm Coulee field. Even taking geospatial relationships into consideration does not 
appear to resolve the question of MBM permeability. The uncertainty surrounding Elm Coulee’s 
MBM permeability is not necessarily detrimental to the field’s overall productivity. Previous 
geomechanical work done by Rolf (2015) shows that the more productive MBM facies in Elm 
Coulee are also typically more brittle, and therefore more conducive to hydraulic fracture 
stimulation (Figure 3.12).  
 
 
Figure 3.12: Log suite of the Larson 11-26 well taken from Rolfs, 2015. The more brittle facies 
here are highlighted in light green, and correspond with the MBM’s upper B facies. Although 
Rolfs did not break out Facies B into the B1/B2/B3 format used in this thesis, Facies B as shown 
here likely corresponds with this paper’s Facies B3. 
 
 Figure 3.13 was created to look more closely at the relationship between mineralogical 
content and individual facies associations. Here all the available XRD data was divided into each 
facies based on depth, and then these values were averaged to generate individual mineral 
abundances. These averages show an increase in dolomite content through Facies A, B1, B2, and 
B3 before a slight decrease through Facies D, E, and F. Illite and chlorite content also appear to 
decrease through these facies moving up-core before increasing slightly in Facies D, E, and F. 
Calcite content similarly decreases (moving up-section) through Facies A, B1, B2, and B3. 
However, unlike the clays, calcite makes an abrupt and significant reappearance in Facies F. 
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From previous core descriptions, this content can be attributed to the fossiliferous material 





Figure 3.13: XRD values taken from eight cores (Jackson-Rowdy, Stockade-Jayla, RR Lonetree-Edna, Coyote-Putnam, Bullwinkle-
Yahoo, Brutus East-Lewis, Peanut-Jimmy, and Foghorn-Ervin) and averaged by facies. Facies A abundances are based on the average 
values of eight samples, Facies B1 abundances on the average values of 31 samples, Facies B2 abundances on the average values of 
70 samples, Facies B3 abundances on the average values of 23 samples, Facies D abundances on the average values of eight samples, 
Facies E abundances on the average values of 16 samples, and Facies F abundances on the average values of four samples.
Facies A Facies B1 Facies B2 Facies B3 
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CHAPTER 4  
FACIES DESCRIPTIONS AND ENVIRONMENTAL ASSOCIATIONS 
 
 The Middle Bakken Member (MBM) is composed of argillaceous, greenish-gray, highly 
fossiliferous, pyritic siltstones in the central part of the basin, which suggests a moderately well-
oxygenated (but occasionally dysaerobic) setting (Sonnenberg and Pramudito, 2009). The facies 
observed in the Bakken Middle Member are generalized as an A-F sequence, which is based on 
the Colorado School of Mines (CSM) MUDTOC Consortium facies descriptions and previous 
work in Elm Coulee field done by Alexandre (2011), Eidsnes (2014), Brennan (2016), Brown 
(2016), and Nandy (2017). The following facies descriptions are based on a combination of this 
previous work and observations made on cores and associated thin sections from the Elm Coulee 
field.  
 
4.1 Regarding Petrographic Methods 
 
Multiple approaches were considered for petrographic observation of the MBM. This 
section examines the various instruments and staining techniques which can be applied to this 
research, and why some methods are featured over others in this paper. This overview of 
petrographic methods concludes with a brief description of the thin sections, which helps to 
illustrate the facies and environmental descriptions which are the basis of this chapter. 
 
4.1.1 Fluorescent Microscopy 
 
 A specific form of luminescence called ―fluorescence‖ signifies the ability of a sample to 
produce light when excited by visible or ultraviolet light (Flügel, 2013). Fluorescent microscopes 
are useful in any study wherein organic components or sediments with an organic origin are 
present, such as petroleum source rocks (Flügel, 2013). In the MBM this could be useful for 
characterizing finely-laminated organics, such as potential stromatolites and organic stringers. 
Identification of these features could facilitate geologic correlation on a larger spatial scale. For 
instance, CSM M.S. candidate Jack Tidholm is performing research concurrently with this paper, 




4.1.2 Cathodoluminescence (CL) Microscopy 
 
 A cathodoluminescence (CL) detector  bombards polished thin sections and polished rock 
surfaces with electrons, which produces a luminescence that varies depending on the material 
characteristics of the sample; this can help in determining the chemistry, crystal structure, and 
lattice defects of a sample (Flügel, 2013). The resulting qualitative and quantitative data can be a 
useful asset for reconstructing the progression of diagenesis in carbonate systems. 
 CL microscopy helps to identify diagenetic phases recorded by different cement types 
(Flügel, 2013). Figures 4.1A and 4.1B show the same sample under transmitted light (4.1A) and 
under CL (4.1B). Under CL it is possible to identify a light-brown luminescent cement (marked 
with an arrow labeled A) forming a crust around a grain, a non-luminescent dogtooth cement 
(only visible in 4.1B and marked with an arrow labeled B), and the cement filling the remaining 
pore space—a banded yellow-brown luminescent constituent (only visible in 4.1B and marked 
with a C). 
 This technique can also make it easier to observe and describe the zonation patterns of 
calcite crystals (Figure 4.1C). CL microscopy may provide insight into the growth and growth 
interruptions present in the MBM carbonates. It would also highlight the porosity and the 
advancement of this porosity within the MBM. Similarly, CL microscopy can highlight the 
original structure of fossils and their growth modes (Figures 4.1D and 4.1E). CL microscopy 
even makes it possible to identify the ooid nuclei in Figure 4.1F as weakly fluorescent shell 
fragments. Should this study be expanded upon in future research, CL microscopy would be 
invaluable in helping identify diagenetically unaltered shell fragments—ideal for additional 
isotopic sampling (Figure 4.1E). 
 The main detriment of this method is its tendency to destroy or ―cook‖ the thin sections 
exposed to the electron bombardment. While CL microscopy is a destructive research method, its 
potential for producing relevant diagenetic information is significant enough to consider for 









Figure 4.1: Photomicrographs modified from Flügel (2013) illustrating the importance and 
application of cathodoluminescence (CL) microscopy to carbonate study. (A) and (B): The same 
photomicrograph under transmitted light (A) and under CL (B). These photos illustrate the 
nuances of CL microscopy as opposed to more traditional light microphotography. The label A 
denotes the cement surrounding the central grain. The A cement is only barely visible under 
transmitted light, whereas with a CL microscope this cement and its finer detail become highly 
evident. The label B refers to the blocky, ―dog-tooth‖ cement that does not exhibit luminescence 
in photo (B). The label C shows the cement filling the remaining pore space. It is important to 
note that the cements A, B, and C would all be difficult, if not impossible, to differentiate 
without CL  microscopy. (C): CL photomicrograph showing the distinct zonation of a calcite 
crystal. Here this zonation represents the progression of the crystal growth as the calcite begins 
to expand into the empty pore space. (D) and (E): These are both microphotographs of fossilized 
shells. Photo (D) shows the growth pattern and direction (from right to left) of a shell. The small 
prisms progressing toward the left are interrupted by a lamina bisecting the center of the photo. 
This growth interruption has been interpreted by Flügel as the result of a cooling interval or 
freeze shock. Immediately after the lamina, the growth prisms are smaller in size before 
returning to their initial dimensions as the shell growth progresses to the left side of the photo. 
Microphotograph (E) is an example of the diagenetic alteration that can be observed with CL 
microscopy. Here a relatively unaltered brachiopod shell (dark) is generally non-luminescent. 
The luminescent (bright) sections show where the shell has been diagenetically altered, and these 
bright sections show the tiny open tubes (―punctae‖) that extend almost to the outer surface of 
the shell. These punctae are bright because they have been filled with diagenetically-introduced 
calcite. Shells that are wholly unaltered do not show any luminescence. This feature of CL 
microscopes is useful for stable isotope work, which can necessitate the identification of 
unaltered shells. (F): Ooids that have undergone late burial diagenesis. The darker/weakly 
luminescent cores of these ooids are shell fragments. The dark pattern between the grains 
represents the open moldic porosity of this sample. The orange to red luminescence surrounding 
the grains shows where micrite and finely crystalline cements have enveloped the ooids. 
A B C 
D E F 
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4.1.3 Staining Methods 
 
 The organic dye Alizarin red S (ARS) will color any carbonate capable of reacting with a 
dilute acid. When staining thin sections, the conditions of this reaction can be controlled so that 
more reactive minerals like calcite and aragonite are stained a reddish orange. Less reactive 
minerals like dolomite and siderite are left with no color. The Department of Earth Sciences at 
the University of Cambridge employs a reaction time of 1 to 2 minutes at 25 degrees Celsius for 
ARS-stained thin sections as of 2015. While dolomite does not undergo the same reaction (and, 
therefore, distinctive coloring) under these conditions, dolomite does become more reactive (and, 
therefore, more receptive to coloring) as iron is substituted into the dolomite lattice. ARS will 
stain ferroan dolomite a pale pink/mauve, but this color can still be differentiated from the more 
vivid red-orange staining associated with calcite or ferroan calcite (Table 4.1). 
 
Table 4.1: The different colorations produced in carbonate minerals by Alizarin red S (ARS) and 
potassium ferricyanide (PF). Table modified from the Department of Earth Sciences at the 
University of Cambridge (2015). 
CARBONATE 
Staining Response 










Calcite Pink Orange None Pink Orange 
Ferroan Calcite Pink Orange Blue Mauve, Purple, Blue 
Dolomite None None None 
Ferroan Dolomite Pale Mauve Blue Turquoise Turquoise Green 
Siderite None None None 
Magnesite None None None 












Pink Orange None Pink Orange 
Witherite 
Red None Red 
Cerussite 
Mauve None Mauve 
 
4.1.4 Thin Sections 
 
This study features a total of 156 thin sections from three of the nine studied cores: 
Stockade-Jayla, Peabody-Minifie, and Peanut-Jimmy. The Stockade-Jayla core was sampled for 
61 thin sections, which were backed with pink and blue epoxies to highlight porosity. Samples 
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from the Peabody-Minifie core produced 41 thin sections, which were dyed with ARS to 
differentiate dolomite and calcite minerals. The Peanut-Jimmy core produced 54 samples, which 
were also backed with pink and blue epoxies to highlight porosity. 
 
4.2 Facies A 
 
Facies A represents a fossiliferous, clay-rich, silty dolostone with fossil types including 
articulated, disarticulated, and fragmented brachiopods and crinoids (Figure 4.2). In some areas 
Facies A appears to overlie the Pronghorn member, but upon close inspection a lag unit 
representative of the Lower Bakken Shale can be found (Figure 4.2B). The brachiopods found in 
Facies A highlight the demarcation between facies A and B. As brachiopods decrease up core, 
bioturbation begins to increase significantly; this transition acts as the gradational contact 
between Facies A and the overlying Facies B. The average thickness of Facies A across seven of 
the nine studied cores is 3.7 feet.  
Facies A likely represents an offshore marine or distal shelf environment. The variability 
in the number of and sizing of brachiopods can be explained by local environmental settings: 
Facies A was probably deposited below the active wave base, and brachiopods and crinoids were 
able to flourish. 
Thin sections from Facies A show a diverse assemblage of poorly-sorted euhedral to 
subhedral dolomite rhombs, subangular to subrounded detrital silica, sparse detrital illite needles, 
and pyrite (Figure 4.3). The dolomite rhombs show a feature strongly indicative of secondary 
overgrowth on detrital dolomite grains: clear/limpid rims (overgrowth) with cloudy interiors. 
This feature is also reflected in the CL imagery associated with this facies (Figure 4.4). 
Sometimes zonation like this can occur within a dolomite crystal as a series of rhombic rims, and 
each rim is recognized as a new compositional stage in the evolution of the fluid controlling 
diagenesis. In fact, some of the circled grains in Figure 4.4 show this repeated zonation.  
Facies A also appears to host some amount of phosphatic material, which presents as 
both needles and nodules (Figure 4.5). These grains have a characteristic yellow-brown color and 
nearly isotropic extinction behavior, both of which are specific to phosphatic material. Nodules 
of this material represent rip-ups from a synsedimentary cementation horizon or hardground, and 
this hardground is thought to be related to a widespread hiatal surface (Scholle and Ulmer-
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Scholle, 2003). Perhaps this phosphatic material and inferred hiatal surface are the result of the 
on setting regression taking place in Facies A. Perhaps if this material is detrital, and these 
examples are indicative of a hiatus that took place elsewhere. 
Another feature of Facies A, which is particularly important in core-scale identification 
and interpretation, is the calcite-rich fossiliferous material (Figure 4.6). In the context of 
diagenesis, both articulated and disarticulated  brachiopod shells are a source of information. The 
fully articulated shell in Figure 4.6 is acting as a source of protection for the original calcite 
crystals and sparry matrix against diagenesis and dolomitizing influences. CL imaging also 
shows the capability of brachiopods to resist chemical alteration/diagenesis (Figure 4.7). 
Conversely, Figure 4.8 shows a fragment of a brachiopod shell that appears to house 
rampant micritization. It is possible that this shell fragment acted as a sort of cup, collecting any 
diagenetic fluids that may have trickled down from above. If this is true, then the disarticulated 
brachiopod fossil in Figure 4.8 can also be interpreted as a geopetal. 
The only visible porosity in thin section presents as horizontal fractures that are 
frequently paired with (and probably induced by) horizontal burrows (Figure 4.3C). Based on 
Choquette and Pray’s (1970) classification for carbonate porosity, the pores resulting from these 
fractures can be described as non-fabric-selective fracture porosity. While this thesis employs the 
Choquette and Pray (1970) terminology, it should be noted that while this fracture porosity 
occurs in burrows and non-burrowed material, it is usually tangential to burrowed material. The 
term ―non-fabric-selective‖ may therefore be misleading.  
The visible porosity in Facies A thin sections does preclude the presence of submicron 
porosity, which will be investigated further via FE-SEM analysis. The average Facies A values 
from routine core analysis (RCA) for porosity and oil saturation are, respectively, 4.9% and 5.1% 
(based on eight data points from five of the studied cores). 
 
4.3 Facies B 
 
Facies B is a burrowed and heavily bioturbated silty dolostone which exhibits a 
gradational contact with Facies A. Despite Facies B’s relatively fine grain size and widespread 
burrowing, Facies B acts as the main reservoir rock for the Bakken in Elm Coulee field. 




Figure 4.2: Facies A as seen in the Stockade-Jayla and Peanut-Jimmy cores: a silty dolostones with little structure and low 
biodiversity. While this facies has little variability in fossil material, the diversity in brachiopod fossil size is indicative of some 







Figure 4.3: Representative microphotographs of Facies A from Stockade-Jayla. All four images feature thin sections backed with a red 
epoxy. Photos A and B both show Facies A at 9750.75ft in PPL (A) and XPL (B) at 20x. Microphotographs A and B highlight a 
common occurrence in secondary dolomite formation: clear/limpid rims around a rhomboidal crystal with cloudy interiors. Zonation 
like this can sometimes occur as a series of rhombic rims, and are generally representative of changes in water chemistry. That is, each 
rim is recognized as a new stage in fluid evolution. However, the feature shown in these dolomite rhombs—one clear rim paired with 
one cloudy center—is particularly characteristic of dolomitization, a.k.a. secondary dolomite formation. This feature is especially 
visible in XPL. Photos C and D show Facies A at 9748.25ft in PPL (C) and XPL (D) at 20x. These images show the main source of 
porosity in Facies A: horizontal fractures, which are frequently associated with sparse horizontal burrows. The average porosity in 
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Figure 4.4: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla at 
a depth of 9750.2ft using a 5X magnification. The range in colors from red to dark- or grayish-red represent carbonate minerals: the 
brightest red indicates calcite or calcite-rich material, and the more muted grayish-reds to brown indicate dolomite or dolomite-rich 





Figure 4.5: Microphotographs from Stockade-Jayla featuring Facies A examples of potential phosphatic material. These examples 
were recognized by their characteristic yellow-brown color and nearly isotropic extinction behavior. Phosphatic nodules are thought to 
represent tear-ups from a mineralized, lithified, synsedimentary cementation horizon; this hardground is additionally associated with a 
widespread hiatal surface. Photos A and B are at a depth of 9750.75ft, and show the somewhat angular ―nodule-type‖ form this 





















Figure 4.6: Microphotographs highlighting the fossil assemblage of Facies A. All photos are in PPL at 10x. (A): Facies A in Peanut-
Jimmy at 10466.65ft shows a large brachiopod with other smaller fossil fragments. (B): Facies A in Stockade-Jayla 9748.25ft shows 
two views of broken brachiopod spines: a cross-sectional view (left) and oblique view (right). (C): Stockade-Jayla at 9748.25ft shows 
a fragmented section of a brachiopod shell with the basal portion of its spines still attached. (D): Stockade-Jayla 9750.75ft shows a 
fully articulated brachiopod shell. While not as common as disarticulated brachiopods, articulated forms are common enough that it is 









Figure 4.7: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. 
This image is from Stockade-Jayla at a depth of 9750.2ft using a 5X magnification. The 
articulated brachiopod featured in this image highlights the ability of fossiliferous materials to 
resist diagenetic alteration—that is, maintain a relatively large amount of calcite in a 
dolomitizing environment. While the interior of this brachiopod hosts a significant amount of 
calcite, evidence of some diagenetic alteration can be seen in the zonation of this material. 
 
 
Figure 4.8: Microphotograph from Peanut-Jimmy at 10466.65ft in PPL at 10x. Photo shows a 
disarticulated brachiopod fossil, which here appears to be aiding diagenetic alterations of the 
original lime mud. The shell is ―cupped‖ in a way that it appears to hold a significant amount of 
micritized material, which can be differentiated from the surrounding matrix by its darker color 
and finer crystal/grain assemblage. If this shell did act as a cup to collected diagenetic fluids 
trickling down from overlying sediments, then this fossil can also be considered a geopetal. The 




B2, and B3) based on observed lithology, sedimentary structures, bioturbation, and ichnofacies 
(Figure 4.9). This research embraces Nandy’s environmental categorization for Facies B, and 
strives to build upon this previous work. 
 
 
Figure 4.9: Middle Bakken Member Facies B1, B2, and B3 associations observed in cores from 
Elm Coulee. Modified from Nandy (2017). 
 
 Because trace fossil content has been so vital to the identification and interpretation of 
these facies, it is necessary to briefly review the evolution of ichnofossil classification in the 
Middle Bakken Member. Table 4.1 illustrates some of the main derivations found in literature. 
Smith and Bustin (2000) examined 189 Bakken core intervals from the Western Canada 
Sedimentary Basin, which included portions of the Williston Basin, craton platform margin, and 
Prophet Trough. Pitman et al. (2001) focused their characterization on those ichnofacies 
observed in the North Dakota portion of the Williston Basin. Both Nandy (2017) and this present 
thesis base their study in Elm Coulee field in the Montana portion of the Williston Basin. A 
general trend is visible in each of these interpretations: when considering the depositional 
environments associated with individual ichnofacies (Figure 4.10), each interpretation exhibits 
overall sequence stratigraphic trends which match previous work (Figure 2.4). That is, based 
solely on trace fossil interpretation, we can see a comprehensive decrease in sea-level 
(regression) during the first stage of MBM deposition followed by a sea-level rise (transgression) 





Figure 4.10: Chart showing generalized inchofacies environmental associations. Modified from 
MacEachern et al., 2007. 
 
 Assignment of ichnofacies to strata also allows for a more complete diagenetic 
interpretation. The ichnofacies assigned in this study (Table 4.2) include: Cruziana and 
Zoophycos. Any section with Cruziana traces underwent bioturbation while in a state of 
―soupground‖/―softground‖ substrate integrity (Figure 4.11). Had the substrate been more firm, 
interference from these organisms would not have been possible. Sections with Zoophycos, 
conversely, could have been disturbed while in such states as ―soupground,‖ ―softground,‖ 
―stiffground,‖ and ―firmground‖ (Figure 4.11). From this it can be inferred that the Cruziana 
ichnofacies likely experienced bioturbation before the hardening effects of diagenesis took place, 
and that the Zoophycos ichnofacies could have experienced bioturbation before, during, or after 
diagenesis.  






Figure 4.11: Chart showing ichnofacies with associated substrate integrity. From this figure, 
inferences about the stages of lithification, mineralization, and diagenesis can be made for those 
sections of core where specific ichnofacies have been identified. From MacEachern et al., 2007. 
 
4.3.1 Facies B1 
 
Facies B1 is a light gray burrowed silty dolostone with intermittent calcareous sections 
and a few small (1-5mm) scattered brachiopod fragments near the Facies B1/A contact. There 
are some sections of what look like calcite cementation, which appear as lighter-gray patches 
(Figure 4.12). Facies B1 is easily identified by the appearance of intense burrowing, which 
increases up-section (Figures 4.12 and 4.13). In Facies B1, bioturbation is comprised of two 
distinct burrow types: very dark gray horizontal burrows and light gray horizontal burrows 
(Figure 4.12A). Besides their coloring, both burrow types are nearly identical in size and 
morphology. These two types are probably both Helminthopsis burrows. The lighter burrows 
likely draw their color from anhydrite replacement. The average thickness of Facies B1 across all 
nine of the studied cores is 6.0 feet. 
Helminthopsis burrows vary substantially in diameter, length, and abundance (Figure 
4.13). This variability is attributed to smaller fluctuations in sea level. These Facies B1 
Helminthopsis burrows have been placed in the Cruziana ichnofacies based on both 
environmental context and previous research (Vickery, 2010; Alexandre, 2011). Helminthopsis 
trace fossils can be categorized as either Cruziana  or Nereites ichnofacies (Table 4.1). However,   
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Table 4.2: Correlation of ichnofacies and MBM facies as described in literature. Smith and Bustin (2000) formed their interpretation 
from 325 well logs and 189 core intervals from Saskatchewan, Manitoba, and North Dakota.  Pitman et al. (2001) created their 
ichnofacies suite based on core analysis and petrographic work from samples and core taken from North Dakota. Nandy (2017) and 
Fehrs (2019) based their ichnofacies and fossil interpretations entirely on cores taken from Elm Coulee field in Richland, Montana. 
Smith and Bustin, 2000 
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since the initial deposition of the MBM occurred during a regression, it is exceedingly unlikely 
that the Helminthopsis present in Facies B1 are in the Nereites ichnofacies. The Nereites 
ichnofacies goes beyond the shelf environment into the abyssal zone, which does not make sense 
in the context of the carbonate-rich MBM (Figure 4.10). The Cruziana ichnofacies places Facies 
B1 in a distal shelf environment, but not quite as distal as Facies A. 
Facies B1 exhibits dolomite rhombs which are becoming more cohesive in size and 
progressively more euhedral than the previous facies (Figure 4.14). As shown in Figure 4.14, 
some of these dolomite crystals even contain smaller dolomite rhombs. The boundary between 
these areas within the dolomite crystal is much more abrupt that the cloudy interiors of the Facies 
A dolomite crystals, and this is likely indicative of a more abrupt and distinct change in fluid 
chemistry; this zonation is also visible with CL detection (Figure 4.15).  
As with Facies A, Facies B1 has relatively low porosity. Interestingly, there is an increase 
in oil saturation in Facies B1. Based on 31 data points from eight of the studied cores, this facies 
has an average porosity of 4.4% and an average oil saturation of 12%. Also like Facies A, much 
of the porosity in Facies B1 presents as horizontal fractures (termed ―non-fabric-selective 
fracture porosity‖) that are usually coupled with (and potentially induced by) horizontal burrows 
(Figure 4.14). In terms of hydrocarbon production, these fractures are comparatively 
insignificant.  
 
4.3.2 Facies B2 
 
Facies B2 is a light gray burrowed silty dolostone with intermittent calcareous sections. 
The structure throughout this facies is largely massive, but there are a few sections where 
possible lenticular bedding is visible (Figure 4.16). Facies B2 continues to exhibit Helminthopsis 
burrowing, but the facies can be recognized by the addition of Thalassinoides, Planolites, and 
Chondrites to the ichnofossil assemblage (Table 4.2). While these burrow types definitively 
categorize Facies B2 as a Cruziana ichnofacies, they also differentiate Facies B2 from Facies B1 
spatially: Facies B2 would have been deposited in a less distal environment than Facies B1. This 
environmental association fits with pre-established sequence stratigraphic models (Figure 2.4). 
The average thickness of Facies B2 across all nine of the studied cores is 11.6 feet.  




Figure 4.12: Facies B1 as seen in the Stockade-Jayla core: a silty dolostones with a few small (1-5mm) fossil fragments and 
bioturbation increasing up-section. (A): Section of Facies B1 in Stockade-Jayla at the 9746ft/9747ft boundary. There are some thin 
sections of calcite cementation presenting as patchy, lighter horizontal bands. Calcite cementation/replacement is also visible along a 
horizontal fracture. Two distinct burrow types visible: dark (relative to matrix) horizontal Helminthopsis burrows and light (relative to 
matrix) horizontal burrows. Both burrow types are similar in size and morphology, so the lighter burrows are probably Helminthopsis 
burrows with anhydrite replacement. (B): Section of Facies B2 in Stockade-Jayla at the 9745ft/9746ft boundary. Large (~3cm) vertical 
burrow or soft sediment deformation feature visible towards the bottom of the section. This feature is probably some kind of burrow 
because of its partial lining and absence of tangential deformation. Horizontal bands of lighter calcite cement visible. Some 








Figure 4.13: Facies B1 as seen in the Peanut-Jimmy core: a silty dolostones with great variability in burrow diameter, length, and 
abundance. (A) Section of Facies B1 in Peanut-Jimmy at the 10460ft/10461ft boundary. Helminthopsis burrows have thin diameters 
(<1mm to ~1.5mm), are long (~4mm to ~25mm in length), and are fewer in number than what is seen in photo B. (B) Section of 
Facies B1 in Peanut-Jimmy at about 10438ft. Helminthopsis burrows have thicker diameters (<1mm to ~2.5mm), are short (~2mm to 





Figure 4.14: Microphotographs illustrating prominent petrographic features of Facies B1. (A): Photo from Stockade-Jayla at 9745.80ft 
in PPL at 20x. A portion of a horizontal burrow and horizontal fracture are visible. Like Facies A, these horizontal fractures are the 
primary source of porosity within Facies B1. These fractures are comparatively negligent in terms of hydrocarbon recovery. (B): 
Photo from Stockade-Jayla at 9745.80ft in XPL at 20x. Here the crossed-polars emphasize the distinction between the Helminthopsis 
burrow and the surrounding matrix. (C): Photo from Peanut-Jimmy at 10462.70ft in PPL at 20x. Dolomite rhombs are becoming more 
cohesive in size and shape (i.e. more euhedral). Some of these crystals contain smaller dolomite rhombs. These are indicative of a 
more abrupt and distinct change in fluid chemistry than what is seen in the Facies A dolomite. (D): Photo from Peanut-Jimmy at 
10462.70ft in XPL at 20x. Characteristic shape, isotropic extinction, and visibility in core make it easy to identify many small pyrite 
nodules. 

















Figure 4.15: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla 
at a depth of 9746.9ft (representative of the B1 facies) using a 5X magnification. The range in colors from red to dark- or grayish-red 
represent carbonate minerals: the brightest red indicates calcite or calcite-rich material, and the more muted grayish-reds to brown 
indicate dolomite or dolomite-rich material. It possible to interpret multiple stages of diagenesis based on the zoned grains, some of 
which have been circled in this microphotograph.  
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up-section; this is visible in Figure 4.17’s succession from images A-C-E (in PPL) and images B-
D-F (in XPL). The change in dolomite fabric is equally obvious in Figure 4.17, and the textural 
transition shown in Peanut-Jimmy and Stockade-Jayla can be described as a conversion from a 
euhedral fabric toward the bottom of the facies to a combination euhedral/subhedral fabric 
toward the top of the facies. Changes in dolomite fabric are highlighted by CL detection (Figures 
4.18 and 4.19). 
 Figure 4.20 also illustrates the increase in Facies B2’s porosity going up-section. There is 
also a visible introduction of a new pore type: fabric-selective intercrystalline porosity. RCA 
based on 70 data points from eight of the studied cores shows that the average porosity and oil 
saturation for Facies B2 increase to 6.3% and 27.1%, respectively. 
 Facies B2 is of particular interest to this study because it is the largest of all the MBM 
facies. Facies B2 is where porosity, permeability, and oil saturation all noticeably increase. 
According to RCA, these factors continue to increase up-section into the overlying facies. 
Together, Facies B2 and B3 comprise the main reservoir rock in the Bakken petroleum system. 
 
4.3.3 Facies B3 
 
Facies B3 is an interbedded light-gray to medium-gray silty dolostones with discrete 
repetitions of shale laminae (Figure 4.21). Observed trace fossils include Phycosiphon and 
Planolites toward the base of the facies and Helminthopsis toward the top of the facies. These 
ichnofossils show a gradational change in ichnofacies within Facies B3 from Zoophycos to 
Cruziana, as illustrated in Table 4.2. This turnover is significant because—unlike the previous 
facies—it marks the change from a distal environment to a more proximal one. In terms of 
sequence stratigraphy, this ichnofacies contact coincides with the previously established reversal 
from a regressive system to a transgressive system (Figure 2.4). The average thickness of Facies 
B3 across all nine of the studied cores is 4.8 feet.  
Petrographically, Facies B3 shows a change in dolomite fabric from euhedral to 
subhedral. Figure 4.22 shows significantly more diagenesis than in previous facies. The result of 
this is micritization of the interiors of the dolomite rhombs and the breakdown of crystal 
boundaries. These textural changes are associated with both lower porosity and lower 
intercrystalline matrix content, as seen in Figure 4.16 A and B. With increased diagenesis, 




Figure 4.16: Core photos showing Facies B2 as it presents in Stockade-Jayla. (A): Core photo of Stockade-Jayla at the 9744ft/9745ft 
contact. Lighter sections are areas of increased calcite cement, which appears patchy and irregular. (B): Depending on how 
bioturbation verses sediment deformation is identified, there do appear to be some thin (~2-3mm) stringers flaser bedding. 
A B 
Patchy calcite cement 
Flaser bedding, wavy bedding, or 




Figure 4.17: Representative microphotographs showing Facies B2 as seen in Stockade-Jayla. (A): A few discreet euhedral dolomite 
rhombs are visible here surrounded by smaller pyrite nodules. Dolomite retain their cloudy interiors from Facies A and B1, suggesting 
secondary formation. Photo taken at 9741.30ft in PPL at 20x. (B): Here the cross-polars help to differentiate dolomite rhombs from 
other angular grains. Photo taken at 9741.30ft in XPL at 20x. (C): Photo shows pyrite in nodule form and scattered needle shapes. 
Photo taken at 9739.45ft in PPL at 20x. (D): Image with crossed-polars shows that the needle shapes from C are illite or some other 
detrital clay particles. Photo taken at 9739.45ft in XPL at 20x. (E): Photo shows an example of pyrite presenting as an inclusion within 
a subhedral dolomite rhomb. Photo taken at 9737.40ft in PPL at 20x. (F): Crossed-polars confirm pyrite identification, and emphasis 























Figure 4.18: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla 
at a depth of 9740.8ft (representing the lower portion of the B2 facies) using a 5X magnification. The range in colors from red to dark- 
or grayish-red represent carbonate minerals: the brightest red indicates calcite or calcite-rich material, and the more muted grayish-
reds to brown indicate dolomite or dolomite-rich material. It possible to interpret multiple stages of diagenesis based on the zoned 




Figure 4.19: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla 
at a depth of 9730.2ft (representing the upper portion of the B2 facies) using a 5X magnification. The range in colors from red to dark- 
or grayish-red represent carbonate minerals: the brightest red indicates calcite or calcite-rich material, and the more muted grayish-
reds to brown indicate dolomite or dolomite-rich material. It possible to interpret multiple stages of diagenesis based on the zoned 




Figure 4.20: Microphotographs showing pore evolution moving up-core. All thin sections were photographed at 20x in both PPL and 
XPL. (A): Microphotographs taken from Peanut-Jimmy, which illustrate the changes in pore type and abundance in Facies B2. Image 
depths left to right: 10455.35ft, 10451.25ft, 10449.95ft, 10447.50ft, 10444.30ft, 10442.30ft. (B): Microphotographs taken from 
Stockade-Jayla, which illustrate the changes in pore type and abundance in Facies B2. Image depths moving left to right: 9743.45ft, 
9735.30ft, 9733.30ft, 9731.35ft. 










































matrix content and decreasing crystal size (as seen in Figure 4.22 C and D) pushes the existing 
fabric texture away from the nonplanar/euhedral/subhedral conventions set by Sibley and Gregg 
(1987). Figure 4.23 provides a look at this fabric with CL detection, emphasizing these changes. 
Figure 4.24 demonstrations the evolution of dolomite content and porosity in Facies B3. 
As the dolomite fabric evolves from euhedral at the base of the faces to subhedral/nonplanar at 
the top of the facies, there is a coinciding decrease in porosity with decreasing core depth. As a 
result, Facies B3 has the greatest porosity at the bottom of the facies (where the dolomite fabric 
presents as euhedral) and the least porosity at the top of the facies (where it presents as both 
subhedral and nonplanar). RCA based on 22 data points from six of the studied cores gives 
Facies B3 an average porosity of 7.6% and an average oil saturation of 41.2%. 
 
4.4 Facies C 
 
Facies C has been described previously in Elm Coulee field as a silty dolostone with 
wavy laminations, crossbeds, and some bioturbation that varies in thickness from 12.2 feet to 
only 2 feet thick (Alexander, 2011). However, Facies C was not identified in any of the nine 
cores utilized for this study. It is worth noting that this author has observed Facies C in other 
Bakken cores from fields based in North Dakota, so it is likely that this facies tapers off towards 
the western portion of the Williston Basin. 
 
4.5 Facies D 
 
Facies D is a cross-bedded, very fine-grained dolomitic sandstone. Facies D generally 
presents in core as a light gray color with some bluish undertones. Structures in this facies range 
from massive to cross stratified, and features such as current ripples and mud drapes are easy to 
spot (Figure 4.25). Facies D has the largest grain size of all the facies in the MBM, and as such 
represents the shallowest environment in the MBM. There is evidence of both tide and current 
influence in Facies D, which indicates that this was the highest-energy environment in the MBM. 
This is supported by the very low bioturbation in this facies. There are, however, a few examples 
of small clusters of Helminthopsis burrows. The average thickness of Facies D across five of the 




Figure 4.21: Core photos showing Facies B3 as it presents in Stockade-Jayla. (A): Silty dolostones with massive sections (lighter gray) 
and planar to wavy gray laminae. Repeating sections of shale laminae and possible rip-ups could suggest storm-influenced events. 
Visible examples of both soft sediment deformation and bioturbation. Helminthopsis, Phycosiphon, and Planolites trace fossils are 
present. Image taken at ~9727ft. (B): Repeating sections of shale laminae continue up-section. Helminthopsis, Phycosiphon, and 
Planolites burrows are present, but the Helminthopsis burrows are difficult to identify due to rampant bioturbation and probable soft 



















Figure 4.22: Microphotographs of Facies B3 from Peanut-Jimmy in PPL (top row) and XPL (bottom row) at 20x. While porosity 
appears to increase from with decreasing depth, these images do not give an accurate sense of pore evolution in Facies B3; rather, they 
were chosen to best show the evolution of the dolomite fabric in Facies B3. (A): Photo shows the change in dolomite fabric from 
euhedral to subhedral. This image shows significantly more diagenesis than in previous facies, and that diagenesis has resulted in the 
micritization of the interiors of dolomite rhombs and the breakdown of crystal boundaries. The change from euhedral to more 
subhedral crystals is associated with lower porosity and intercrystalline matrix content, which is shown in this microphotograph. 
Image taken at 10440.65ft. (B): Photo shows the micritization of dolomite rhombs, which are becoming increasingly subhedral to 
anhedral. This micritized material contributing to the intercrystalline matrix content, thereby forcing the fabric texture away from the 
nonplanar/euhedral/subhedral conventions set by Sibley and Gregg (1987). Dolomite crystal size decreases with progressing 


















Figure 4.23: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla 
at a depth of 9724.1ft (representing the B3 facies) using a 5X magnification. The range in colors from red to dark- or grayish-red 
represent carbonate minerals: the brightest red indicates calcite or calcite-rich material, and the more muted grayish-reds to brown 
indicate dolomite or dolomite-rich material. It possible to interpret multiple stages of diagenesis based on the zoned grains, some of 






Figure 4.24: Microphotographs taken from Stockade-Jayla in PPL (top row) and XPL (bottom row) at 20x. Images show the evolution 
of dolomite content and porosity in Facies B3. Here the dolomite fabric evolves from euhedral at the base of the facies to subhedral 
(even nonplanar in some sections) toward the top of the facies. While this change is most noticeable in PPL, both sets of images show 
an overall decrease in porosity with decreasing core depth. Facies B3 therefore has the greatest porosity toward the facies bottom 
(where the dolomite fabric presents as euhedral) and the least porosity toward the facies top (where it presents as both subhedral and 









Bottom of Facies B3           Top of Facies B3 
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Towards the bottom of the section, the dolomite fabric in Facies D starts out as euhedral to 
subhedral. Moving upwards, the dolomite almost fully loses its rhomboidal shape and takes on a 
nonplanar texture. At this point there is essentially no (or very little) petrographically-visible 
porosity (Figure 4.26). The previous project in Elm Coulee by Nandy (2017) described this stage 
of dolomite evolution in the MBM as ―over-dolomitized.‖ The complicated zonation that 
resulted from over-dolomitization is visible via CL detection (Figure 4.27). 
Illite also contributes to the reduction in porosity: moving up-section, illite cementation 
begins to edge out any remaining porosity. This cementation is authigenic in nature, which is a 
marked change from the detrital needle form described in the previous facies. Based on nine data 
points from five of the studied cores, RCA gives Facies D an average porosity of 6.7% and an 
average oil saturation of 52.1%. 
 
4.6 Facies E 
 
Facies E is a light- to dark-gray silty dolostone with Helminthopsis burrows and some 
wavy to planar laminations. Facies E does include a few beds that are heavily pyritized (Figure 
4.28). Facies E structural features include flat to low-angled parallel laminations, massive 
sections, and areas of potential soft sediment deformation. The soft sediment deformation shown 
in Figure 4.28 could actually be the result of microbial activity. The general progression of 
Facies E starts as a more massive structural toward the facies base, and ranges up to a parallel-
laminated section with mud drapes toward the facies top. The average thickness of Facies E 
across all nine of the studied cores is 3.9 feet.  
Facies E has been categorized by the Cruziana ichnofacies, and therefore represents a 
mid- to a (somewhat) distal-shelf environment. To clarify, Facies E is more proximal than Facies 
A, B1, B2, and B3 and it is more distal (and a lower-energy environment) than Facies D. If the 
boundary between Facies B3 and Facies D represents a low in sea-level, then Facies E is the next 
stage in sea-level rise. 
 Facies E thin sections show an overall decrease in both grainsize and porosity (Figures 
4.29 and 4.30). While dolomite fabric starts out as a combination of subhedral to nonplanar, 
boundaries between dolomite rhombs begin to break down moving up-section in Facies E 




Figure 4.25: Core photos from Stockade-Jayla showing various forms of Facies D. (A): Very fine grained dolomitic sandstone with 
structural features ranging from massive to parallel-bedding. A few layers host smaller (<1cm at the largest) Helminthopsis burrows. 
Photo taken at 9721ft/9722ft contact. (B): Very fine grained dolomitic sandstone with low-angle parallel lamination, cross 













Figure 4.26: Microphotos of Stockade-Jayla at 20x in PPL (top row) and XPL (bottom row) featuring Facies D. Towards the bottom 
of the section, the dolomite fabric in Facies D starts out as euhedral to subhedral. Moving upwards, the dolomite almost fully loses its 
rhomboidal shape and takes on a nonplanar texture. At this point there is essentially no (or very little) petrographically-visible 
porosity. Illite contributes to this reduction in porosity: moving up-section, illite cementation begins to edge out any remaining 















Figure 4.27: A microphotograph that was taken using a cathodoluminescence (CL) detecting unit. This image is from Stockade-Jayla 
at a depth of 9720.7ft (representing the D facies) using a 5X magnification. The range in colors from red to dark- or grayish-red 
represent carbonate minerals: the brightest red indicates calcite or calcite-rich material, and the more muted grayish-reds to brown 
indicate dolomite or dolomite-rich material. It possible to interpret multiple stages of diagenesis based on the zoned grains, some of 
which have been circled in this microphotograph.
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content increases; both these sources of material begin to take up available intercrystalline pore 
space. What is more, there are even potential instances dolomite rhomb dissolution that was then 
replaced by pyrite (Figure 4.30). Throughout Facies E there are examples of rhomb-shaped 
pyrite replacement.  
Facies E shows less visible porosity than what was observed in Facies D. From RCA, 16 
data points from eight of the studied cores gave an average porosity of 5.9% and an average oil 
saturation of 36% 
 
4.7 Facies F 
 
Facies F is a silty dolostone with ample pyritization and a few sections with articulated 
and disarticulated brachiopod shells (Figure 4.31). As to be expected, with the return of this 
fossiliferous material there is an increase in the calcite content of this facies. Other fossil content 
includes the occasional crinoid and Helminthopsis traces. In core, this facies can have a mottled 
appearance (Figure 4.31). The finer grainsize and Cruziana ichnofacies suggests that Facies F 
represents a distal shelf environment. The average thickness of Facies F across eight of the nine 
studied cores is 1.9 feet.  
In thin section there does appear to be some slight layering of subhedral and nonplanar 
dolomite fabrics at the base of Facies F, but this pattern quickly tapers off as dolomite content 
becomes more micritized and decreases further up-section (Figure 4.32). Overall this facies is 
moderately-sorted at the base and progressed up to poorly-sorted at the facies top. Pyritic 
material is present as nodules, the rhomb-shaped replacement of dolomite crystals, replacement 
of burrow material, and inclusions in the occasional dolomite grain. 
Although porosity is still visible in Figure 4.32, it is in fact very low in Facies F. RCA 
gives this facies an average porosity of 3.8% and an average oil saturation of 9.2%, based on four  
data points from three of the studied cores. 
 
4.8 Conclusions  
 
The interpretations produced from core and thin section study have been incorporated 




Figure 4.28: Core photos showing Facies E in both Stockade-Jayla and Peanut-Jimmy. (A): Facies E structural features include flat to 
low-angled parallel laminations, massive sections, and areas of potential soft sediment deformation. The soft sediment deformation 
shown in image A could actually be the result of microbial activity. Photo taken from Stockade-Jayla at the 9718ft/9719ft contact. (B): 
Facies E starts as a more massive structural toward the facies base, and ranges up to a parallel-laminated section with mud drapes 




















Figure 4.29:  Microphotographs showing Facies E from Peanut-Jimmy in PPL (top row) and XPL (bottom row) at 20x. (A): In this 
image the dolomite fabric is a combination of subhedral to nonplanar. As expected, there is only a little intercrystalline porosity 
present. Boundaries between dolomite rhombs are breaking down. Photo taken from 10437.90ft. (B): Here the cross-polars help show 
the progression of the dolomite rhomb boundary ―breakdown.‖ Instead of having different extinction angles, dolomite rhombs are 
starting to ―blend‖ without any distinct crystal boundary. (C): This microphotograph show an increase in poorly-sorted subhedral 
detrital silica. The decrease in dolomite content and the increase in intercrystalline matrix content heavily restricts porosity here. Photo 
taken from 10436.25ft. (D): Image shows the effect of lowered dolomite content and increased intercrystalline material in XPL. 


















Figure 4.30: Microphotographs showing Facies E in Stockade-Jayla in PPL (top row) and XPL (bottom row) at 20x. All images from 
9717.60ft. (A): The interiors of these dolomite rhombs are becoming heavily micritized, and this diagenesis has also started to 
breaking down dolomite crystal faces. Photo from (B): An angular rhomb-shaped pyrite replacement feature suggests the complete 
dissolution of a dolomite rhomb. (C): Here a drastic decrease in overall grain size is visible. (D): Crossed-polars help distinguish 


















some significant differences between this paragenetic chart and those created by Nandy in 2018 
(Figure 1.1) and Alexandre in 2011 (Figure 1.2). The sequence and significance of these events 
are the focus of this interpretative section. 
The diagenetic history of the MBM in Elm Coulee began with the deposition of lime mud 
and the influx of detrital silica from the margins of the Williston Basin. Calcite cementation 
helped to lithify these sediments; it also helped to incorporate and preserve the incoming detrital 
dolomite. This detrital dolomite represents additional weathered material from the basin margins, 
and is visible in thin section as rhombohedral shapes with clear/limpid rims (calcite 
cementation/overgrowth) and cloudy centers (detrital dolomite) (Figure 4.3). There is significant  
overlap between the deposition of detrital dolomite and authigenic dolomite formation within the 
system, as evidenced by the presence of both rhombs with cloudy centers and rhombs composed 
entirely of limpid dolomite (Figures 4.15 and 4.18). 
At this point, mechanical and chemical compaction in conjunction with other 
environmental factors promoted the micritization of this dolomitic material. These environmental 
factors include changes in fluid chemistry, which likely also resulted in dedolomitization. This 
dedolomitization—the dissolution and replacement of dolomite by calcite—is potentially evident 
in some of the CL images (Figures 4.4, 4.15, 4.18, 4.19, 4.23, and 4.27), but as of now has not 
been identified in ARS-stained thin sections. 
Anhydrite, illite, and silica cementation were observed in core (Figure 4.12) and thin 
section (Figure 4.26). Mineral cementation means that these constituents were formed 
authigenically, which is a marked change from the detrital influx that this paper associates with 
early deposition. Later FE-SEM work (Chapter 6) identified the presence of some smectite 
material in the early stages of deposition, so the interpreted smectite-to-illite transformation at 
this later stage could mark the beginning of hydrocarbon generation. 
Authigenic pyrite is present in the form of framboidal clusters throughout the entirety of 
the MBM. This has been included in the diagenetic stages illustrated in Figure 4.33; however, it 
is important to note that the size of these framboids and intensity of these clusters varies 
significantly throughout the MBM faces. In core, pyrite is visible only in Facies A (the 
lowermost portion of the cores, overlying the lower Bakken shale) and Facies E-F (the 
uppermost facies, underlying the upper Bakken shale). The pyrite in the remaining facies was 




Figure 4.31: Core photos showing the main features of Facies F. (A): Photo taken from Stockade-Jayla at ~9716ft. (B): Photo taken 
















Figure 4.32: Microphotographs showing Facies F in Peanut-Jimmy in PPL (top row) and XPL (bottom row) at 20x. All images taken 
at 10432.55ft. (A): Image shows slight layering of subhedral and nonplanar dolomite.  Porosity appears to coincide with the subhedral 
fabric. (B): Pyrite presents as rhomb-shaped replacement, nodules, and inclusions in at least one dolomite grain. (C): Shown here is 
the pyrite replacement of what was once burrowed material. Sparry material lines this formal burrow, and the hazy pink color suggests 




















Figure 4.33: Paragenetic chart for the Middle Bakken Member (MBM) in Elm Coulee field. The 















CHAPTER 5  
ISOTOPIC ANALYSIS 
 
5.1 Stable Isotopes in Geochemistry 
 
The basis of all stable isotope geochemistry is isotope fractionation. First documented by 
Briscoe and Robinson (1925), isotope fractionation is the concept that multiphase systems 
inherently show a biased fractionation of isotopes wherein one phase will preferentially 
incorporate the heavy or light isotope relative to another coexisting phase (Sharp, 2017). Stable 
isotopes are particularly useful in geochemistry because this fractionation will occur regardless 
of whether the system is undergoing equilibrium or kinetic processes. They can therefore be used 
to investigate a wide variety of environments and chemical interactions.  
The MBM in Elm Coulee field likely experienced isotope exchange reactions that were 
both kinetic and equilibrium in nature. Stable isotopes provide an opportunity for accurate 
investigate of biased fractionation in this system. 
There are a number of considerations for selecting elemental isotopes in geochemistry, as 
highlighted by Sharp (2017): 
1. The element should have a relatively low atomic mass. 
2. The relative mass difference between the rare (heavy) isotope and the abundant (light) 
isotope should be large. 
3. The element should form chemical bonds with a high degree of covalency. 
4. The element should be able to exist in multiple oxidation states (e.g. carbon’s 
oxygenation state can be +4 in CO2 and -4 in CH4), form a wide variety of compounds, 
and be an important constituent of naturally occurring solids and fluids. 
5. The amount of the element and its accompanying rare isotope is high enough to take a 
precise measurement of the isotopic ratio by mass spectrometry. This is relevant to 
geological environments with high-temperature processes; higher temperatures are 




With these considerations, classical stable isotope geochemistry generally focuses on five 
elements: H, C, N, O, and S. Sharp (2017) pointed out an additional feature that makes these 
elements so attractive to geochemists: these elements are the main building blocks of tissue in 
living organisms. 
 In this paper, the system dynamics within the MBM are examined through the lens of 
oxygen and carbon isotopes. Oxygen and carbon isotope data can provide different insights into 
a geochemical system, but they can also be used to corroborate one another. Because it is much 
easier to determine the relative differences in isotopic ratios than absolute isotopic ratios, this 
paper will explore δ18O (the ratio between 18O and 16O) and δ13C (the ratio between 13C and 12C). 
These datasets will be discussed in depth later in this chapter. 
 
 
Figure 5.1: Oxygen isotope fractionation between select minerals as a function of temperature. 
Predictable temperature-based variations also occur in hydrogen, carbon, nitrogen, and sulfur for 
most isotopic systems. As temperature increases, the fractionation between these minerals 
becomes less significant and much more difficult to measure. Note: 1000lnαa-b ≈ δa – δb. Table 







Sample sites for stable isotope study were selected through the cores Peanut-Jimmy and 
Stockade-Jayla. In order to avoid the bias inherent to concentrated sampling, a regular sampling 
interval was set for each core: roughly one foot for Peanut-Jimmy (Appendix B-1) and roughly 
three feet for Stockade-Jayla (Appendix B-2). The goal here was to avoid the ―family photo 
album‖ effect of only sampling areas which are interesting or unusual. A common drawback to 
this form of unbiased sampling is that less data and focus of study is reserved for intervals of 
interest. It can also be more difficult to analyze smaller perturbations in data, depending on the 
size of the sampling interval. However, due to the size of the reservoir facies in the MBM, this 
study is lacking in neither reservoir-specific data nor overall trends for oxygen and carbon 
isotopes. 
After selecting suitable sample sites at one-foot and three-foot intervals, additional care 
was taken to avoid potential areas of contamination. To this end, all samples were taken from the 
interior of the core (Figure 5.2). Both Peanut-Jimmy and Stockade-Jayla are relatively mature 
 
 
Figure 5.2: Images showing the series of steps taken during sample collection for stable isotope 
analysis of the Peanut-Jimmy and Stockade-Jayla cores. (A) The instrument used to drill the 
sample was a foot pedal-operated Chicago Electric Flex Shafter Grinder/Carver rotary tool. (B) 
Samples were taken at regular intervals to avoid uninentional biased sampling. (C) All samples 
were taken from the interior of the core along recovery-associated fractures, so as to avoid 
contamination from the core’s cut surfaces. 
A B C 
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cores; they were ten years old upon the writing of this thesis, and both of these cores bear the 
regular wear and tear (and hydrochloric acid staining) from years of service. The central portion 
of the core, revealed by recovery-associated breaks, was observed to be the most pristine in 
appearance and therefore the most likely area to have avoided external influence. 
 The samples taken were powdered portions drilled from the cores using a foot pedal-
operated Chicago Electric Flex Shaft Grinder/Carver rotary tool (120V/60Hz, 15000rpm) with 
3mm Drillpro Carbide End Mill Engraving Bits (Figure 5.1A). Powder was collected on 
weighing paper and packed in clear plastic 1.5mL vials as per the instructions outlined in the 
University of New Mexico’s Center for Stable Isotopes sample submission guidelines 
(University of New Mexico, n.d.). Between each sample, the carbide bit was cleaned with 91% 
isopropyl alcohol. Based upon conversation with Colorado School of Mines (CSM) postdoctoral 
candidate Maxwell Pommer and UNM Center for Stable Isotopes Facility Director Viorel 
Atudorei, this author chose not to individually weigh each sample. To streamline the process and 
avoid sample waste, the clear plastic 1.5mL vials were used to estimate a material amount 
appropriate for submission. In this case, the amount was roughly 0.2 grams of powdered rock. 
 Samples were submitted to the UNM Center for Stable Isotopes, where they underwent 
testing as described by Spotl and Vennemann (2003). The samples were loaded in 12 mL 
borosilicate exetainers, and the exetainers were flushed with helium. The samples were treated 
for 12 hours with H3PO4 at 50ºC. After this, the evolved CO2 was measured via continuous flow 
Isotope Ratio Mass Spectrometry using a Gasbench device coupled with a Thermo Fisher 
Scientific Delta Plus Isotope Ratio Mass Spectrometer. The standard used was the Italian Carrara 
Marble, which was calibrated against NBS19 (for which the δ18O is -2.2‰, and the δ13C is 
1.95‰), and the tested reproducibility was better than 0.1‰ for both δ18O and δ13C. The results 
were converted and delivered in the Vienna Pee Dee Belemnite (VPDB) standard. 
 
5.3 Oxygen Isotopes 
 
Oxygen isotopes are notoriously useful for paleothermometry modeling. Fractionation of 
oxygen isotopes is largely dependent on temperature, and it is a general rule that for every 4°C 
increase in near-surficial temperatures the δ18O becomes depleted by about 1‰ (Veizer, 1992). 











O in the hydrologic cycle, as 
illustrated in Figure 5.3. 
18
O has eight protons and ten neutrons, as opposed to 
16O’s eight 
protons and eight neutrons. Because 
18
O has more subatomic particles, it has both a larger atomic 
mass and higher atomic weight than 
16
O. As H2O goes through the hydrologic cycle, the lighter 
16
O is moved preferentially through evaporation because it requires less force to move. The 
atmosphere has a lower ratio of 
18
O to 
16O (δ18O) than oceanic waters, and this 16O-enriched H2O 
gas eventually results in 
16
O-enriched precipitation.  
Global temperatures determine the form this precipitation takes and its destination. When 
global temperatures are relatively high, the δ18O -enriched atmospheric H2O gas eventually 
precipitates in the liquid state, and this rainfall returns to the oceans. Because the 
16
O-enriched 
rainwater is able to return to marine settings, global marine δ18O decreases. As global 
temperatures decrease, 
16
O-enriched precipitation takes a solid form. Global marine waters then 
become depleted with respect to 
16
O as more and more of this 
16
O-enriched snowfall is stored in 
ice. As a result, global marine δ18O increases.  
These trends suggest that samples with higher δ18O values should correlate to periods of 
lower global temperatures, and that samples with lower δ18O values should correlate to periods 
of higher global temperatures. Unlike carbon isotopes, there are not many factors that would 
obscure the results from testing δ18O values. Nevertheless, the depositional environment of Elm 
Coulee field likely represents a system that was restricted or semi-restricted from marine settings 
and influence. This restriction may have some influence on the oxygen isotopic data in this 
chapter, and how these data compares to global values. 
 
5.4 Carbon Isotopes 
 
Carbon isotopes are much more complex and difficult to interpret than oxygen isotopes. 
Oxygen isotopic abundances are controlled by the hydrologic cycle, show general global trends 
that are useful in stratigraphic correlation, and tend to show regular increases or decreases in 
association with climatic events. Carbon isotopes, conversely, are controlled by the carbon 
cycle—a highly complex series of influencing mechanisms. Carbon isotopes are not known for 
showing global trends, and can actually vary significantly from one locale to another. Depending 








Relatively warm temperatures   
16
O-enriched precipitation remains in a liquid 
state and is able to return to marine settings 










Relatively cold temperatures  
16
O-enriched precipitation is trapped in 
a solid state in terrestrial settings 











O have in the hydrologic cycle, and how 
changes in temperature can affect δ18O. In both scenarios, 16O is preferentially removed via 
evaporation from marine waters because it is the lighter isotope. The top image shows how 
relatively warm global temperatures result in liquid-state precipitation that is able to return to 
marine settings by way of terrestrial runoff and groundwater flow. The result is a relatively low 
value for global marine δ18O. The bottom image pictures relatively cold global temperatures, 
which leads to solid-state precipitation that traps 
16
O-enriched H2O in a terrestrial setting. This 




field to another. In comparing the roles of stable isotopes in the hydrologic cycle (Figure 5.3) and 
the carbon cycle (Figure 5.4), it becomes immediately obvious that the carbon cycle presents 
many more opportunities for confusion and misinterpretation. 
 Figure 5.4 emphasizes three important aspects of the carbon cycle: isotopic abundances 
or ―storage‖ amounts, the movement or flux of these isotopes, and δ13C (a.k.a. the ratio of 13C to 
12
C). Familiarity with these features makes it possible to make basic interpretations based on the 
measured δ13C values of geologic samples. For instance, while the mantle is by far the reservoir 
with the highest abundance of carbon (given at 324,000,000Ε15 grams), carbon has a very low 
rate of movement out of the mantel (0.06E15 to 0.7E15 grams per year) and into the mantle (too 
small to accurately measure). From this it can be inferred that the mantle does not have a 
significant impact on the measured δ13C values of geologic samples. 
 According to Figure 5.4, the most dynamic carbon reservoir systems are: the atmosphere, 
surface ocean waters, dissolved bicarbonate in the deep ocean, land biota, and terrestrial soils 
and marine sediments. Of these systems, the most significant movement of carbon isotopes is 
seen in the flux from the atmosphere to land biota (122E10
15
 grams per year). The flux described 
here refers to the carbon input and output of biota from photosynthesis and respiration; from this 
it is reasonable to conclude that major changes in carbon fractionation values are likely 
indicative of major changes in biogenic productivity. Living organisms are able to more easily 
incorporate isotopically light carbon, so geologic samples with lower δ13C values (that is, carbon 
isotope ratios with a higher proportion of 
12
C) could indicate less biogenic activity. The fewer 
organisms there are to ―use up‖ the isotopically light carbon, the more 12C will be free to be 
incorporated into sedimentary deposits. 
 Since δ13C values can be revealing of biogenic activity, δ13C values can therefore also be 
used to make inferences about paleo temperatures. Lower global temperatures generally lead to 
fewer photosynthesizing organisms, which results in lower biogenic activity and overall lower 
δ13C values. Compared to δ18O, however, this trend is not as obvious or as easy to correlate on a 
global scale. For instance, lower global temperatures may not result in lower δ13C values in 
equatorial regions where biota continue to flourish. The variations in global δ13C values mean 





Figure 5.4: Diagram illustrating the carbon cycle with emphasis placed on fluxes and δ13C values 
of different carbon reservoirs. Abundances (bold) are given in 10
15
g, flux (italics) is given in 
10
15g/yr, and δ13C (parentheses) are given in ‰. Despite the fact that the earth’s mantle is the 
most abundant source of carbon, the flux values in this figure show how little carbon is moving 
to and from this reservoir. Of the given reservoirs, the most dynamic systems appear to be: 
atmosphere, surface ocean waters, dissolved bicarbonate in the deep ocean, land biota, and 
terrestrial soils and marine sediments. Figure taken from Sharp (2017). 
 
5.5 Results and Interpretation 
 
Figures 5.6 and 5.7 show the stable isotope data for the Peanut-Jimmy and Stockade-
Jayla cores (respectively) returned by the UNM Center for Stable Isotopes. In these graphs the x-
axis gives values for δ18O and δ13C, and the y-axis represents the sampled core depths. Sections 
of the chart have been blocked off with colors representing the MBM facies as discussed in 
Chapters 3 and 4. Both graphs show three trends of data: δ13C values (trend line with diamond-
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shaped data points), δ18O values that were calibrated with a calcite standard value (trend line 
with square-shaped data points), and δ18O values that were calibrated with a dolomite standard 
value (trend line with triangle-shaped data points).  
Figure 5.8 shows the δ18O and δ13C values from both the Peanut-Jimmy and Stockade-
Jayla cores. Comparing Figure 5.8 to Figure 5.9—which shows the ranges of expected δ18O and 
δ13C values for both young and ancient carbonates—it is apparent that the vast majority of the 
Peanut-Jimmy and Stockade-Jayla MBM samples show isotopic signatures consistent with those 
expected from ancient carbonates. Since the MBM is known to be comprised of ancient 




From previous sequence stratigraphic work (Figure 2.4), it has been established that the 
MBM sediments represent a regression followed by a transgression. In terms of temperatures, 
this could potentially suggest a period of global cooling (resulting in lower sea levels worldwide) 
followed by a period of global warming (resulting in higher sea levels worldwide). These 
climatic conditions are not reflected in Peanut-Jimmy’s δ18O values (Figure 5.6). However, 
Stockade-Jayla’s δ18O values (Figure 5.7) indicate cooler temperatures during the deposition of 
Facies A, B1, and B2 (inferred from overall higher δ18O values) followed by a rise in 
temperature through Facies B3, D, and E (inferred from overall lower δ18O values). 
 There are a number of reasons that the Peanut-Jimmy δ18O datasets do not show this 
expected trend, the likeliest of which is that these δ18O values were overwritten by post 
depositional diagenesis. This would be particularly likely with the introduction of meteoric 
influence. Figure 5.8 shows the δ18O values (corrected against a dolomite standard) versus the 
δ13C values of both Peanut-Jimmy and Stockade-Jayla. Here it is obvious that both δ18O datasets 
actually have a relatively narrow range of δ18O compositions (-3.3 to -4.9 for the Peanut-Jimmy 
samples, and -4.0 to -6.0 for the Stockade-Jayla samples) compared to the range of their δ13C 
values (3.5 to -2.3 for the Peanut-Jimmy samples, and 3.6 to 0.8 for the Stockade-Jayla samples). 
Previous literature has suggested that a narrow range of δ18O compositions in conjunction with a 
wide range of δ13C compositions is characteristic of limestones altered by meteoric diagenesis 
(Allen and Matthews, 1982). 
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 It makes sense that Peanut-Jimmy would be more susceptible to meteoric influence than 
Stockade-Jayla. Geographically, Stockade-Jayla was deposited much farther west than Peanut-
Jimmy (Figure 4.1), and therefore much farther away from the paleoshoreline (Figure 2.2). 
Peanut-Jimmy would have been situated in a location that was more heavily influenced by the 
meteoric waters from terrestrial runoff. This is the most likely explanation for the sudden and 
dramatic drop in δ13C values observed in Figure 5.5. 
 Interestingly, both Peanut-Jimmy and Stockade-Jayla have δ13C values which do not 
appear to reflect the expected cooling-warming transition. Both Peanut-Jimmy and Stockade-
Jayla have δ13C values that are relatively high at lower core depths (indicating high biogenic 
activity, and possibly higher global temperatures) and that become gradually lower moving up-
section (suggesting lower biogenic activity, and possibly lower global temperatures). Again, it is 
needs to be understood that δ13C signatures are primarily an indicator of biogenic activity, which 
is not necessarily controlled by global temperatures. For instance, widespread anoxia could also 
be an explanation for lower levels of biogenic activity. 
 
5.5.2 Diagenesis and Meteoric Influence 
 
Isotopic data can sometimes provide insight into the natural alterations of 18O and 13C 
associated with diagenesis, particularly if there is meteoric influence. When pore water fluids 
interact with even a small meteoric component, this can shift carbonates to lower 18O values 
while leaving 13C essentially untouched (Lohmann, 1988; Sharp, 2017). According to Sharp 
(2017), water/rock ratios must become very large before 13C values will begin to decrease. The 
vertical portion of the data in Figure 5.9 where 13C begins to abruptly decline is called the 
―meteoric calcite line‖; this defines the 18O value of meteoric water responsible for precipitation 
of late calcite cements (Lohmann, 1988; Sharp, 2017). The data trends shown in Figure 5.8 
mimic this pattern, allowing for the possibility of meteoric influence. 
While the 18O values presented in this thesis are not abnormally low for ancient 
carbonates, they are on the mid- to lower-end of the data range (Figure 5.8). This could be 
explained by meteoric influence in pore water chemistry, but not to the point where 13C values 









Figure 5.5: Chart showing the results of isotopic testing for the Peanut-Jimmy core. Here three 
sets of data were returned by the UNM Center for Stable Isotopes: δ13C, δ18O (with values 
corrected against a calcite standard), and δ18O (with values corrected against a dolomite 
standard). Here isotope values are given for each of the 40 tested samples, plotted against sample 
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Figure 5.6: Chart showing the results of isotopic testing for the Stockade-Jayla core. Here three 
sets of data were returned by the UNM Center for Stable Isotopes: δ13C, δ18O (with values 
corrected against a calcite standard), and δ18O (with values corrected against a dolomite 
standard). Here isotope values are given for each of the 17 tested samples, plotted against sample 
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Figure 5.7: Chart shows the isotopic datasets from both Peanut-Jimmy (blue markers) and 
Stockade-Jayla (orange markers). δ18O is shown plotted verses δ13C. Both δ18O datasets appear to 
have a relatively narrow range of δ18O compositions (-3.3 to -4.9 for the Peanut-Jimmy samples, 
and -4.0 to -6.0 for the Stockade-Jayla samples) compared to the range of their δ13C values (3.5 
to -2.3 for the Peanut-Jimmy samples, and 3.6 to 0.8 for the Stockade-Jayla samples). The data 
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Figure 5.8: Chart showing the expected δ18O (x-axis) and δ13C (y-axis) values (in ‰) for young 
and ancient carbonate rocks. Figure taken from Arthur (2009). 
 
 
Figure 5.9: Diagram of the changes in 18O and 13C caused by diagenesis as a result of meteoric 
influence in pore water chemistry. A small meteoric influence will result in lower 18O values, 
while leaving 13C values essentially the same. This trend changes after water/rock ratios 
become very large, during which 13C values will begin to decrease. Figure from Lohmann 




5.5.3 Isotope “Clumping” 
 
Another factor that needs to be considered in isotopic interpretation is the propensity of 
oxygen and carbon isotopes to ―clump.‖ Essentially, 18O and 13C show a preference to join one 




C is temperature dependent (Ghosh et al., 2006; Schauble et al., 2006; Sharp, 2017). 


















C show a ―preference‖ for combining with one another (right side of the 
equation), but this preference decreases with increasing temperature—higher temperatures mean 
higher entropy contribution. So greater disparities in δ18O and δ13C values (e.g. high 18O and low 
13
C or vice versa) suggested higher temperatures. 
 This does not appear to have any significant implications for the Peanut-Jimmy and 
Stockade-Jayla datasets; however, it is useful to recognize isotope clumping when examining 
some of the small perturbations in these data sets. In Figures 5.5 and 5.6 there are instances 
where the δ13C and δ18O curves do not match. For example, the minor disparity between δ18O 
and δ13C values in Peanut-Jimmy at sample depth 10453.9ft (in Facies B2) indicates that this 
sample was probably deposited at a slightly elevated temperature. 
 
5.5.4 Biogenic Activity 
 
It cannot be overstated that isotopically light carbon (
12
C) is preferentially incorporated 
by biological systems. As a result, sediments with isotopically heavy carbon signatures are 
recognized as a distinguishing signature of biogenic activity because biota have depleted the 
system with respect to 
12
C. This means that geologic samples that were deposited during times of 
high primary productivity should be expected to have higher values of δ13C, and geologic 
samples that were deposited during time of low primary productivity should be expected to have 
lower values of δ13C. 
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Figures 5.5 and 5.6 both show a very general gradual decline in δ13C values from the 
bottoms of both Peanut-Jimmy and Stockade-Jayla moving up through each core. Peanut-Jimmy 
in Figure 5.5 also has an abrupt and dramatic drop in δ13C values within the scope of the E 
facies. Stockade-Jayla in Figure 5.6 does not show this feature, but that is likely due to the fact 
that the sampling resolution in Stockade-Jayla was much broader. Nevertheless, both cores show 
progressively lighter carbon isotopes moving up through each facies set. From this it can be 
inferred that both cores have carbon isotope signatures associated with an overall decrease in 
biogenic activity. The most reasonable explanation for a decrease in primary productivity would 
be that environmental changes took place that were detrimental to existing biota. 
 There are two major events in the upper Famennian that are associated with major marine 
extinctions—the Dasberg and Hangenberg Events. Having said that, both of these events are 
associated with positive δ13C excursions (Myrow et al., 2014; Myrow et al., 2013; Buggisch and 
Joachimski, 2006; Caplan and Bustin, 1999). The timing of these events does coincide with the 
time of deposition of the MBM in Elm Coulee, but the isotopic data included in this thesis does 
not include signatures that would indicate either event. The abrupt negative δ13C excursion in 
Peanut-Jimmy’s Facies E would therefore not be indicative of either of these events, and is likely 
representative of the meteoric influence discussed previously. 
 
5.5.5 A Model for Dolomitization in the Middle Bakken Member in Elm Coulee, MT 
 
The model which best illustrates the environmental factors at play during the deposition 
of the MBM in Elm Coulee field would be a combination of the sabkha and seepage-reflux 
models. Elm Coulee was located at the edge of the basin during its time of deposition, so it 
would have been far from the siltier settings of the bottom of the Williston Basin. This would 
have promoted carbonate formation, and set the stage for a sabkha or seepage-reflux type 
environment. These models can appear very similar, due to the fact that they are related both 
hydrologically and hydrochemically (Machel, 2004). 
There are, however, two main differences between the sabkha and seepage-reflux models 
of dolomitization: 1. associated paleoenvironments and 2. physical restriction in the system. 
Sabkhas are indicative of intertidal-supratidal surfaces that have deflated and are episodically 
flooded; seepage-reflux environments occur in lagoonal and shallow-marine settings (Figure 
7.2). Of these two paleoenvironments, the seepage-reflux environment and its associated 
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lagoonal/shallow-marine settings are much better reflected in the sedimentology of this study’s 
cores. There are no sedimentological features in any of the eight cores described in Chapter 4 
that would suggest a tidal environment, but a lagoon or other shallow marine environment could 
fit the facies descriptions associated with the MBM in Elm Coulee. The other major difference 
between a sabkha and seepage-reflux environment is the presence of a physical barrier that 
restricts fluid movement in the system. The barrier is essential to the seepage-reflux model 
because it is what controls the circulation of surficial waters, selective evaporation, salinity, 
density, and the flow of dolomitizing fluids. 
Additional context can be provided by comparing three sets of data: 1. the oxygen isotope 
values returned for Peanut-Jimmy and Stockade-Jayla (Figures 5.5 and 5.6, Appendix B), 2. the 
oxygen isotope values that are accepted for oceanic waters during the time of deposition (Table 
7.1), and 3. the oxygen isotope values that are associated with traditional seepage-reflux systems 
during the time of deposition (Table 7.2). The oxygen isotope values for oceanic waters during 
the Late Devonian to Early Mississippian are outlined in red in Table 7.2. In this table there is a 
very obvious change in oxygen isotope ratios between 357 Ma and 361 Ma, which coincides 
with the Hangenberg Event. The Hangenberg Event isotopic signature was identified in the upper 
facies of the MBM in Elm Coulee field, during a transgressive sequence. It follows that the 
values from Peanut-Jimmy and Stockade-Jayla are expected to be more similar to those of the 
oceanic waters during this transgression than those of the oceanic waters during the regressive 
sequence: this is because the sea level rise occurring after the Hangenberg Event would 
overcome the barrier structure of the system’s seepage-reflux layout.  
The mean values of these three sets of data are: -4.31 (MBM samples from Elm Coulee), 
-3.59 (transgressive oceanic waters), and -4.92 (traditional seepage-reflux system). The mean 
value of the oxygen isotope ratios of the MBM samples from Elm Coulee field are between those 
of transgressive oceanic waters and traditional seepage-reflux systems from the same time 
period. This suggests that the MBM system in Elm Coulee was not as restricted as a traditional 
seepage-reflux environment and was probably closer to being a combination of the seepage-
reflux and sabkha models of dolomitization (Figure 7.2). 
Additionally, core analysis (Chapters 3 and 4) has shown that the MBM does not have 
bed-scale evaporite deposits, which are typically associated with the seepage-reflux model of 
dolomitization. It was suggested by Nandy (2018) that a mesohaline to penesaline (polyhaline) 
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solution could result in the formation of dolomite without the associated evaporate deposits. 
Mesohaline or penesaline brines are not oversaturated with respect to gypsum or anhydrite, and so do not 
result in their deposition. These brines can be generated by very little evaporation and have the potential 
for dolomitizing limestone beds by penetrating downward under the influence of gravity (Simms, 1984; 
Whitaker and Smart, 1990; Melim and Scholle, 2002; Nandy, 2018). Another explanation for the 
absence of such deposits is that this system was not as restricted as a conventional seepage-reflux 
environment, and that the circulation of fluids and the resulting changes in fluid chemistry 
prevented evaporate deposition. 
An open-system seepage-reflux model also makes sense in a sequence stratigraphic 
context. The MBM in Elm Coulee has already been shown to represent a sea level lowering 
(regression reflected in Facies A, B1, B2, B3, and D) followed by a sea level rise (transgression 
reflected in Facies D, E, and F), as exemplified in Figure 2.4. After the initial deposition of the 
suite of Facies B1 through D, sea level rose—this sea level rise would have served to open up the 
previously restricted seepage-reflux system to a greater marine influence. The presence of a reef 
barrier structure does not mean that this was an entirely open-flowing system, and that there was 
some physical restriction with regards to fluid movement from the study area to the open marine 
settings. However, the MBM in Elm Coulee signifies an environment that was not as restricted 
as a conventional seepage-reflux model (Figure 7.3). 
 
5.5.6 Brine Type 
 
Previous work on the MBM in Elm Coulee by Nandy (2018) discarded the mixing-zone 
model of dolomitization because it is traditionally associated with a stable hydrologic setting and 
humid conditions. Nandy (2018) attributed the seepage-reflux model to the MBM as seen in Elm 
Coulee field because: 1. mesohaline or penesaline brines do not result in gypsum or anhydrite 
precipitation, 2. can be generated by very little evaporation, and 3. have the ability to dolomitize 
underlying carbonate beds by penetrating downward; in this regard Nandy (2018) gave examples 
from literature including: Simms (1984), Whitaker and Smart (1990), and Melim and Scholle 
(2002).  
However, isotopic data in this study returned a relatively narrow range of δ18O 
compositions (-3.3 to -4.9 for the Peanut-Jimmy samples, and -4.0 to -6.0 for the Stockade-Jayla 




Figure 5.10: Depictions of the sabkha and seepage-reflux models of dolomitization. The system 
represented by the MBM in Elm Coulee field is likely a combination of these models. A. 
Diagram showing the sabkha model of dolomitization. B. Diagram showing the seepage-reflux 
model of dolomitization. Figures taken from Tucker, 2001. 
 
Table 5.1: Table showing stable isotope values of Devonian—Mississippian brachiopods from 
North America, Europe, Afghanistan, and Algeria. Brachiopod fossils are especially resistant to 
diagenesis, so these values are treated as representative of open marine waters. Samples that 
were deposited at the same time as the MBM in Elm Coulee have been outlined in red, and 
special consideration has been paid to the mean (M) values of their associated oxygen isotope 
ratios. Table taken from Brand, 1989. 
 
 
and 3.6 to 0.8 for the Stockade-Jayla samples). Previous literature has suggested that a narrow 
range of δ18O compositions in conjunction with a wide range of δ13C compositions is 
characteristic of limestones altered by meteoric diagenesis (Allen and Matthews, 1982). The δ13C 
values returned from Peanut-Jimmy and Stockade-Jayla are not low enough to suggest a true 
mixing-zone environment, but meteoric influence in Elm Coulee field is likely. 














Table 5.2: Stable isotope values taken from extensively dolomitized carbonates in the Sichuan 
Basin of western China. Type 2 dolomite values (outlined in red) represent samples from 
seepage-reflux systems whose sediments were deposited during the Mid- to Late-Devonian. 




Figure 5.11: Diagram showing the combination of the seepage-reflux and sabkha models of 





surmised that the brines in this environment probably ranged in composition from mesohaline to 
polyhaline (termed ―penesaline‖ by Nandy) with significant (if irregular) meteoric influence. The 
shallow marine environment of the MBM in Elm Coulee, wherein water chemistry is altered by 
episodic flushing from storms, hosts a brine composition known as ―schizohaline‖ (Folk and 
Land, 1972; Siedlecka, 1972; Folk and Land, 1975). Folk and Land (1975) stated that the 
schizohaline environments that are most optimal for dolomite formation are: 1. floodable 
sabkhas and 2. shallow lagoons such as those associated with the seepage-reflux model. 
 
5.6 Previous Work 
 
Two previous CSM students performed isotopic research investigating various aspects of 
the Bakken Formation. In order to check the validity of this paper’s data and to examine regional 
differences in isotope ratios, this section will briefly compare the Peanut-Jimmy and Stockade-
Jayla datasets to those produced by Brennan (2016) and Nandy (2018). 
 
5.6.1 Brennan (2016) 
 
Brennan’s 2016 M.S. thesis focused on calcite cementation in the Bakken Formation as 
observed in North Dakota. He compared the isotope datasets of three wells: Deadwood Canyon 
Ranch, Wayzetta, and Parshall (Figure 5.11). Figure 5.12 shows the isotopic data from both this 
paper and Brennan’s 2016 research. With the exception of one Parshall data point (δ18O: -2.68, 
δ13C: -6.25) and one Deadwood Canyon Ranch data point (δ18O: -0.90, δ13C: 3.96), these 
datasets appear to have overall similar ranges for isotope ratio values. Despite the difference in 
study area, the fact that this paper’s Montana dataset largely overlaps with Brennan’s North 
Dakota dataset inspires confidence in the validity of both sets of isotope values. These datasets 
were expected to overlap because they encompass the same geologic formation, and, with 
regards to isotope interpretation, their geographical distance isn’t large enough to suggest 





Figure 5.12: Figure taken from Por (1972), which was modified from Lӧffler (1961) and Bayly 
(1967). 
 
5.6.2 Nandy (2018) 
 
Nandy’s 2018 PhD thesis looked at the dolomitization and porosity evolution of the 
MBM in Elm Coulee field in addition to the facies characterization, chemostratigraphy, and 
organic-richness of the Upper Bakken Shale. She compared the isotope datasets of four wells 
(which are also discussed in this paper): Brutus East-Lewis, Bullwinkle-Yahoo, Coyote-Putnam, 
and Foghorn-Ervin. Figure 5.13 shows the isotopic data from both this paper and Nandy’s 2018 
research. With the exception of one Peanut-Jimmy data point (δ18O: -2.68, δ13C: -6.25), these 
datasets appear to have overall similar ranges for isotope ratio values. In this case, these datasets 





Figure 5.13: Pictured here are the locations of the cores examined in Brennan’s 2016 thesis. The 
main topic explored in this research was calcite cementation in the Bakken Formation as 
observed in North Dakota. In his paper he focused his isotopic analysis on three of the above 




Figure 5.14: Chart shows the isotopic data from both this paper and Brennan’s 2016 research. 
Peanut-Jimmy values are still denoted with blue markers, and Stockade-Jayla with orange 
markers. Brennan’s 2016 data includes: Wayzetta (brown markers), Parshall (yellow markers), 
and Deadwood Canyon Ranch (green markers). δ18O is shown plotted verses δ13C. With the 
exception of one Parshall data point (δ18O: -2.68, δ13C: -6.25) and one Deadwood Canyon Ranch 
data point (δ18O: -0.90, δ13C: 3.96), these datasets appear to have overall similar ranges for 






Figure 5.15: Chart shows the isotopic data from both this paper and Nandy’s 2018 research. 
Peanut-Jimmy values are still denoted with blue markers, and Stockade-Jayla with orange 
markers. Nandy’s 2018 data includes: Brutus East-Lewis (brown markers), Bullwinkle-Yahoo 
(yellow markers), Coyote-Putnam (purple markers), and Foghorn-Ervin (green markers). δ18O is 
shown plotted verses δ13C. With the exception of one Peanut-Jimmy data point (δ18O: -2.3, δ13C: 
-4.9), these datasets appear to have overall similar ranges for isotope ratio values. 
 
geologic formation from the same field. Again, the reproducibility of these data ranges suggests 
that both datasets are reliably accurate. 
 
5.7 Conclusions  
 
Based on this work, the MBM in Elm Coulee field would best be represented by a model 
of dolomitization that is a combination of the seepage-reflux and sabkha models. Isotopic values 
also suggest significant meteoric influence; this is particularly true of the western portion of the 
field, which would have been most proximal to the paleoshoreline. Post-depositional meteoric 
influence would also explain how Peanut-Jimmy’s and Stockade-Jayla’s isotope values could 







CHAPTER 6  
FE-SEM Sampling and Interpretation 
 
6.1 Porosity in Mudrocks 
 
Loucks et al. (2012) describe three major classifications of matrix-related pore types in 
mudstones: 1. interparticle (interP) pores, which are the pore spaces between particles and 
crystals; 2. intraparticle (intraP) pores, which are the pore spaces found within particles; and 3. 
organic matter (OM) pores, which are the pore spaces found within organic matter (Figure 6.1). 
These pore types are relevant to petroleum system research because the pore spaces between 
particles and crystals are more likely to interconnect than intraP pores and are therefore more 
likely to be a part of an effective pore network.  
The Klinkenberg permeability derived from RCA is generally low in the MBM, but it 
does increase in the upper B3 facies and lower D facies. This information could suggest that the 
MBM hosts intraP porosity with higher amounts of interP porosity in the upper portion of Facies 
B3/lower portion of Facies D. 
Compaction plays a major role in the existing porosity within the MBM at Elm Coulee. 
Larger pores are known to collapse much more easily than smaller pores, and therefore pore loss 
in mudrocks due to compaction is largely dependent on pore size before the onset of burial and 
compaction (Milliken and Curtis, 2016; Day-Stirrat et al., 2012; Milliken and Reed, 2010; 
Emmanuel and Day-Stirrat, 2012; Mondol et al., 2007; Schneider et al., 2011; Yang and Aplin, 




Samples were selected based on their relevance to reservoir production, overall facies 
representation, ease of collection, and reliability of the material to undergo necessary sample 
preparation for field emission scanning electron microscopy (FE-SEM) imaging and analysis. 
Figure 6.2 shows the distribution of the five samples selected for FE-SEM study: Sample 1 at a 





Figure 6.1: Diagram showing mudrock pore types broken down into three categories: mineral 
matrix pores, organic-matter pores, and fracture pores. Because porosity in the MBM is generally 
matrix-controlled, this research is most concerned with the following pore types: interparticle 
(interP) pores, intraparticle (intraP) pores, and organic-matter (OM) pores. Figure taken from 
Loucks et al. (2012). 
  
9732.8ft (Facies B2), Sample 4 at 9727ft (Facies B3), and Sample 5 at 9721ft (Facies D). Facies 
B2 was sampled twice with the intent of demonstrating the evolution of dolomite and porosity 
throughout the expanse of the core instead of just on a facies-by-facies basis. To this end, the 
Stockade-Jayla core was selected as the sample source for FE-SEM analysis because it 
represents an idealized column of the MBM in Elm Coulee field: all facies (as described by this 
study) are present; porosity, oil saturation, and permeability all exhibit patterns characteristic of a 
successful Elm Coulee reservoir rock, and there is abundant petrographic and mineralogical data 





Figure 6.2: Diagram showing the distribution of samples selected for field emission scanning 
electron microscopy (FE-SEM) analysis. Samples were selected with the intent of providing an 
overarching view of dolomite and porosity evolution throughout the reservoir facies of the 
Middle Bakken Member (MBM) in Elm Coulee field, Montana. In order to achieve this, routine 
core analysis (RCA) data including porosity, oil saturation, and permeability were carefully 
considered as samples were selected. 
 
 
6.2.4 FE-SEM Data Collection 
 
The CSM Department of Geology and Geological Engineering provided the TESCAN 
MIRA3 LMH Schottky FE-SEM unit used in this research (Figure 6.3). This instrument is 
capable of collecting three sets of data: secondary electron (SE) detection, backscattered electron 
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(BSE) detection, and energy-dispersive x-ray spectrometry (EDS) detection. The SE, BSE, and 
EDS information produced by the FE-SEM all provide different insights into the sample being 
tested. 
SE detection produces imagery that shows changes in topography across a sample’s 
surface. The instrument’s beam undergoes inelastic scattering interactions with the specimen 
atoms, which ejects secondary electrons from the k-shell of the sample’s atoms. The ―brightness‖ 
of the secondary electron signal (reflected in the brightness of the SE image) is dependent on the 
number of secondary electrons reaching the detector. If a portion of the sample is closer to the 
detecting unit, more secondary electrons will reach that unit: this results in different levels of 
brightness based on the surface topography of the sample. 
The BSE capabilities of this instrument also produce imagery, but these images illustrate 
different chemical phases across a sample’s surface. The instrument’s beam undergoes elastic 
scattering interactions with the specimen atoms, which results in a backscattering of secondary 
electrons. Since elements with higher atomic numbers backscatter electrons more strongly than 
elements with low atomic numbers, surfaces composed of atoms with higher atomic numbers 
appear brighter in the resulting image. As a result it is possible to see changes in chemical and 
mineralogical composition across the surface of the sample. For instance, magnesium has a 
lower atomic number than calcium (12 versus 20), and therefore dolomite will appear darker 
than calcite in BSE imagery. Because silicon’s atomic number (14) is higher than magnesium’s 
atomic number (12) and lower than calcium’s atomic number (20), the ratio of magnesium to 
calcium in dolomite will determine if dolomite appears darker or lighter than silica in a BSE 
image. 
EDS detection does not result in a sample image, but it does provide semi-quantitative 
elemental information on a point-by-point basis. Using a BSE image to choose an area for spot 
analysis, the EDS unit will interpret the characteristic x-rays produced from the sample to 
calculate elemental abundances. This chemical information allows for a more accurate mineral 
identification within the context of a single image and results in an overall better geologic 
interpretation. One of the biggest advantages of EDS application in this study is providing 




     
Figure 6.3: Photos show the field emission scanning electron microscope (FE-SEM) setup 
employed by the Colorado School of Mines Department of Geology and Geological Engineering. 
Left: the main body of the TESCAN MIRA3 LMH Schottky FE-SEM, which can provide 
topographical and elemental information at resolutions down to the nanometer scale. Right: 
computer screens with software open to manage data. The monitor on the left displays imagery 
from the instrument’s secondary electron (SE) in-beam detector and backscatter electron (BSE) 
detectors, and the monitor on the right shows chemical data gathered by the instrument’s energy-




SE, BSE, and EDS data were gathered for all five samples representing the MBM. SE 
and BSE data were collected for every image generated, and in this section both the resulting SE 
and BSE images will be displayed for side-by-side comparison. While EDS data were collected 
for every image, spectra will not be shown in this section unless to illustrate specific reasoning 
behind a mineralogical or chemical interpretation. It should be mentioned that the elemental 
identification tool of the EDS software is imperfect, and only capable of recognizing elements 
with atomic weights as heavy as or heavier than oxygen. In all of the collected EDS spectra, 
there is an unidentified peak (visible in Figure 6.4) that has not been factored into interpretation. 
This peak corresponds with the atomic number of gold, and is a byproduct of the gold coating 




6.3.1 Sample 1: Facies B1 (9747.7ft) 
 
The dolomite content in Sample 1 is the least-developed of all five samples. In Figure 
6.4, two low-Mg dolomite crystals can be observed (labeled on the BSE image in white). The 
EDS mineral maps shown in Figure 6.4 highlight the differences between calcium (orange) and 
magnesium (green), which are used as proxies for calcite and dolomite respectively. The mineral 
maps indicate that this sample has higher levels of calcium than magenesium, and it also 
indicates that there are features that contain calcium and no magnesium—that is, features 
interpreted to be pure calcite (Figure 6.4). 
Sample 1 also has the most organic material of all five samples included in this study. 
The methodology for organic matter identification via BSE and EDS is shown in Figure 6.4. The 
top two gray scale images in Figure 6.4 show a portion of Sample 1 as viewed with SE and BSE 
detection. Both the SE and BSE images feature two very prominent dark shapes. The EDS 
mineral mapping feature was applied to this sample. Since the two dark features are still 
obviously visible in the composite map, these features have elemental compositions that do not 
include significant amounts of: iron (Fe), aluminum (Al), calcium (Ca), magnesium (Mg), or 
silicon (Si). 
To better understand these features, an EDS point analysis was applied. This is shown in 
Figure 6.4: the bottom chart shows the EDS spectral interpretation of the smaller dark feature in 
the BSE image (circled in white). The large unlabeled peak is attributed to the sample’s gold 
coating. All other peaks are much smaller by comparison, and therefore reflect much lower EDS 
intensities. Since the EDS detector is only able to detect atoms as heavy or heavier than oxygen, 
lighter elements (e.g. carbon, nitrogen, hydrogen) which are commonly associated with organic 
material are effectively invisible to this instrument. The comparatively low spectral peaks of 
these two dark features indicate that these are comprised of organic material. 
 Figure 6.5 looks at this same organic feature under a higher magnification. Here the 
organic matter actually houses some porosity. In fact, Sample 1 has the only observed instance of 
OM porosity in the MBM. However, it is obvious from Figure 6.5 that the OM pores in Sample 1 
are not significant in size or quantity in terms of production or reservoir quality. 
 The mineralogical assemblage of Sample 1 includes a lot of pyrite, which generally 
presents as framboidal clusters (Figure 6.6). Pyrite serves as another source of porosity in this 
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sample: pore spaces frequently occur between the individual pyrite crystals, as seen in Figure 
6.6. When considering the micron scale and overall occurrence of these pyrite framboids, 
however, the pyrite framoids in Sample 1 do not appear to provide a significant amount of interP 
porosity. The pyrite-associated interP porosity of Sample 1 likely has little influence on 
production or reservoir quality. 
 
6.3.2 Sample 2: Facies B2 (9739.9ft) 
 
The majority of the minerals found in Sample 2 consist of dolomite, silica, pyrite, and 
clays (Figure 6.7). In particular, Sample 2 shows a marked development of dolomite and 
dolomite crystals. Figure 6.7 shows an almost step-wise growth of one dolomite crystal 
protruding from another (both crystals are denoted in the magnesium EDS mineral map with 
white arrows). From this it can be inferred that the surfaces of these dolomite crystals are active 
nucleation sites. Moving from Sample 1 to Sample 2, this may represent a sequential stage of 
diagenesis.  
The dolomite in this sample ranges in texture from euhedral to subhedral, and the distinct 
crystal faces enclose areas of potential interP pore space. However, much of this space is 
bisected by and filled with intercrystalline clay content. Like the previous sample, a significant 
amount of clay material is also visible in Sample 2. In Figure 6.8 these clays can be seen 
―clumping‖ or consolidating together, although this does not appear to have any effect on interP 
porosity. Again, the EDS spectra produced for this material suggest that this clay material is 
illite. XRD data gives an approximate mineral weight percentage of 14.4% for illite and 5.2% for 
chlorite at this sample depth (Figure 3.4). While this chlorite weight percentage is slightly larger 
than that given for Sample 1, Sample 2 does mark an overall trend of decreasing illite and 
chlorite content moving up-core. Unfortunately, interP porosity between these dolomite crystals 
is still impeded by the presence of illite and other clay minerals. 
 When compared to Sample 1, the dolomite crystals in Sample 2 have increased in size, 
abundance, and magnesium content. The increase in magnesium has given these crystals a darker 
color, which is contrasted somewhat by brighter rims (Figure 6.9). These lighter rims are a 
reoccurring feature across Sample 2. However, when tested with the EDS detector, most of these  













Figure 6.4: SE image (top left) and corresponding BSE image (top right) from Sample 1 (MBM 
Facies B1) at a depth of 9747.7ft. Potential desiccation cracks from ion milling are seen in the 
BSE image around the larger dark feature. The central row shows a series of EDS mineral maps 
for this sample, the composite of which also shows these two dark features. This suggests that 
the two dark features have elemental compositions that do not include significant amounts of: 
iron (Fe), aluminum (Al), calcium (Ca), magnesium (Mg), or silicon (Si). The bottom chart 
shows the EDS spectral interpretation of the smaller dark feature in the SE and BSE images 
(circled in white). The large unlabeled peak is attributed to the sample’s gold coating. All other 
peaks are much smaller by comparison, and therefore reflect much lower EDS intensities. Since 
the EDS detector is only able to detect atoms as heavy or heavier than oxygen, lighter elements 
(e.g. carbon, nitrogen, hydrogen) which are commonly associated with organic material are 
effectively invisible to this instrument. Both dark features were tested with EDS, but the 
resulting spectra were similar enough that only the spectrum for the smaller feature has been 
included. When compared to the EDS results of the surrounding mineral assemblage, the low 




















Figure 6.5: SE image (left) and BSE (right) image from Sample 1 (MBM Facies B1) at a depth 
of 9747.7ft. These images show the smaller dark feature circled in white in Figure 6.9 under a 
higher magnification. The higher magnification makes it possible to see the intraparticle (intraP) 




Figure 6.6: SE image (left) and BSE image (right) of Sample 1 (MBM Facies B1) at a depth of 
9747.7ft. These images show how the framboidal clusters of pyrite in Facies B1 are capable of 
hosting interparticle (interP) porosity. However, the size and occurrence of this porosity indicate 











interiors. There were a few small iron peaks associated with some of these dolomite rims, but not 
enough to suggest a substantial diagenetic influence. 
 Perhaps most significant to reservoir quality is the porosity present in Sample 2. It is easy 
to find interP porosity amongst the clay matrices between dolomite grains (Figure 6.8). The 
largest pores in this sample are associated with the space between euhedral dolomite grains that 
have been lined by elongate clay particles (Figure 6.8). When compared to the shorter clay 
particulates and associated interP porosity of Figure 6.9, it is easy to see that these longer fibrous 
clay particles facilitate slot pore preservation. 
 
6.3.3 Sample 3: Facies B2 (9732.8ft) 
 
Pyrite framboids are plentiful in Sample 3 (Figure 6.10). It has already been noted that 
these framboids host some small amount of interP porosity, but despite their prevalence in FE-
SEM imagery in Sample 3 this porosity is relatively minimal. Pyrite framoids, while visually 
prominent throughout Sample 3, are likely not a significant source of porosity in the upper B2 
facies. 
 Sample 3 also coincides with the emergence of a new feature: titanium-rich grains 
(Figure 6.11). These grains can be seen scattered throughout Sample 3 and, despite not being 
numerous, they are especially noticeable due to their brightness. When examined with EDS, the 
―Test Spot‖ marked in Figure 6.11 produced a spectrum characteristic of these grains with a 
range of elemental peaks—the largest by far being the titanium peak. A definite mineral 
identification is not available for these grains, but potential identifications include rutile (TiO2) 
and titanite/sphene (CaTiSiO5). The smaller peaks in Figure 6.11 may be attributed to instrument 
or software error. 
 There is also a very bright feature in Figure 6.11, which has been identified as detrital 
zircon (ZrSiO4) based on a returned EDS spectrum with only three mineral peaks: zirconium, 
oxygen, and silicon. There are not a significant number of zircon grains in Sample 2, but the few 
that exist are noticeable enough to warrant identification.  
The packing style of dolomite crystals in Sample 3 is a much more crowded fabric than what has 
been described in Sample 2. The dolomite rhombs in Figure 6.11 show touching crystal faces, 
which has resulted in larger areas of intercrystalline shelter. As Figures 6.12 and 6.13 show, 
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these shelter spaces have been filled with clay debris and a small amount of interP pore space. 
Figure 6.13 in particular shows the how clay debris can build up in the intercrystalline space 
between dolomite crystals. The ―shorter‖ and more fragmented the clay particulates are, the less 
interP pore space is available in the shelter offered by the structure of these dolomite crystals. 
 Sample 3 also has abundant examples of interP pore space (sheltered by dolomite 
rhombs) that have not been filled with clay debris (Figure 6.12). In general, Sample 3 shows that 
less intercrystalline clay content will lead to larger open pore spaces. 
 
 
Figure 6.7: SE image (top left) and corresponding BSE image (top right) from Sample 2 (MBM 
Facies B2) at a depth of 9739ft. The bottom two rows show colored EDS mineral maps, which 




Figure 6.8: SE image (left) and BSE image (right) of Sample 2 (MBM Facies B2) at a depth of 
9739.9ft. This assemblage includes euhedral dolomite rhombs, which together with detrital silica 
form a crystal-supported framework. Intercrystalline areas are filled will clays and pyrite 
crystals. Some of these pyrite crystals appear to cluster in small preformed framboids, but the 
pyrite nodules in this sample show much more diversity in form than in Sample 1. The feature 
labeled ―CC‖ is interpreted as a section of consolidated clay. Porosity here presents as 
intercrystalline spaces between the dolomite rhombs and thin clay layers. 
 
 
Figure 6.9: SE image (left) and BSE image (right) of Sample 2 (MBM Facies B2) at a depth of 
9739.9ft. These images were included to address the brighter rims seen around many of the 
dolomite rhombs. According to EDS testing, the only difference in elemental composition 
between these rims and the crystal interior is a slight elevation in iron content. In the above 









Despite the adverse effects of interstitial clay content, Sample 3 does exemplify the 
optimal structure of dolomite crystals for interP porosity. Dolomite crystals are not so closely 
knitted together that there is no intercrystalline space. This kind of ―over-dolomitization‖ has 
been described previously by Nandy (2017) as one of the main factors influencing porosity 
decline in the upper B3 and D facies. 
 In Sample 3 a new clay morphology begins to emerge, which will develop further in 
subsequent samples. Figure 6.14 shows how clay content is beginning to cake the exposed 
surfaces of dolomite crystals within interP pore spaces, and EDS testing has identified this 
material as illite (Figure 6.15). This illite material appears to feature dissolution seams, which 
could indicate a change in fluid chemistry or different stages of burial diagenesis. 
 
 
Figure 6.10: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. These images show pyrite framboids clustered together in groups and how these pyrite 
crystals continue to shelter interP porosity. Despite their prevalence in FE-SEM imagery in 
Sample 3, this porosity is relatively minimal. Pyrite framoids, while visually prominent, are 





















Figure 6.11: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. The EDS mineral maps associated with these images highlight how the packing of 
dolomite crystals has changed. Crystals are larger than what has been observed in Samples 1 and 
2. Compared to the packing style in Figure 6.25, however, this dolomite is starting to become 
overcrowded, and there is less potential shelter space for interP porosity. The SE and BSE 
images shown here also have a very bright feature, which was sampled with the EDS point 
analyzer. The resulting spectrum suggests either rutile (TiO2) or titanite/sphene (CaTiSiO5). The 
























Figure 6.12: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. Here is an example of sheltered space between dolomite crystals which has not been 
filled with clays. The small amount of clay material seen in this larger intercrystalline area has 
resulted in a larger open pore space. In contrast, toward the bottom of these images there are 
smaller intercrystalline sections which have been filled with fragmented clay material. 
 
 
Figure 6.13: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. If the ―elongate‖ clay features are not large enough, they sometimes do not provide 
shelter from the smaller fragmented clay particles. The elongate clay feature shown here was 
tested using EDS, and the resulting spectrum showed increasingly significant peaks of 
magnesium, aluminum, iron, silica, and oxygen. The smaller clay particles, which have likely 












Figure 6.14: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. This is another example of smaller fragmented clay particulates congesting an interP 
pore space between dolomite crystals. Moving from the left side of the pore—where 
overcrowding is most prominent—toward the right side of the overall pore structure, the 
presence of a centrally-placed dolomite crystal appears to provide shelter against clay debris for 
the right side of the pore space. 
 
6.3.4 Sample 4: Facies B3 (9727ft) 
 
Sample 4 continues to show interP pore spaces that have been separated into smaller open 
areas by clay layers (Figure 6.16). The clay sheets in Figure 6.16 look like they were at one point 
part of a thicker group of clays that eventually buckled under compaction. Most of these sheets 
are still whole, but continued compaction could result in the smaller fragmented clay pieces that 
were seen to fill open pore space. Figure 6.17 shows clay sheets in the process of being bent 
under stress, the continuation of which would no doubt result in more fragmented debris. 
The configuration of dolomite rhombs in Sample 4 is the most optimal of all five samples 
in terms of reservoir rock suitability (Figure 6.18). Figure 6.18 features significantly larger 
dolomite rhombs than those observed in previous samples, and this in turn highlights how the 
interP porosity in Sample 4 has become more pronounced than what has been observed in 
previous samples. Essentially, increased dolomite crystal surface area has led to an increase in 
open intercrystalline volume, and some of these volumes act as slot pores with lengths up to 45 




Figure 6.15: SE image (left) and BSE image (right) of Sample 3 (MBM Facies B2) at a depth of 
9732.9ft. These images show a higher magnification of the pore and upper corner of the dolomite 
crystal described in figure 6.14. The dolomite crystal has an exterior coating of illite material 
(test point labeled with white arrow). The bumpy material just opposite of the clay crystal has a 
nearly identical EDS spectrum. Both the illite lining the dolomite crystal and the adjacent 
―bumpy‖ illite feature what looks like dissolution seams (black arrows). 
 
 Figure 6.21 gives a unique view of the clay debris that have been shown to clog interP 
porosity in all five FE-SEM samples. The clay features in this figure appear finger-like and can 
be seen reaching out from the interior of the pore space. These clay ―fingers‖ likely extend out 





Figure 6.16: SE image (left) and BSE image (right) of Sample 4 (MBM Facies B3) at a depth of 
9727ft. Here a larger pore (~30 μm) has been filled with sheets of clay material, some of which 
have been broken into smaller debris. The lower left portion of this pore space still has some clay 
matter in the ―elongate‖ layers, but these layers appear to be undergoing aggradation into the 
smaller particulates filling this pore space. 
 
 
Figure 6.17: SE image (left) and BSE image (right) of Sample 4 (MBM Facies B3) at a depth of 
9727ft. The majority of this material was identified via EDS detection as dolomite. There is a 
small feature composed of organic matter (labeled) and some clay material, which here can be 














Figure 6.18: SE image (top left) and BSE image (top right) of Sample 4 (MBM Facies B3) at a 
depth of 9727ft. The EDS mineral maps associated with these images highlight how the packing 
of dolomite crystals has changed; this is particularly evident in the magnesium (Mg, green 








Figure 6.19: SE image (left) and BSE image (right) of Sample 4 (MBM Facies B3) at a depth of 
9727ft. Large dolomite rhombs with very little interference from clay particles has enabled the 
development of large slot-shaped interP pores. 
 
 
Figure 6.20: SE image (left) and BSE image (right) of Sample 4 (MBM Facies B3) at a depth of 
9727ft. Another example of the very large (up to ~40 μm) slot-shaped pores which are able to 
form as a result of the structural framework provided by large developed dolomite crystals. 
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Figure 6.21: SE image (left) and BSE image (right) of Sample 4 (MBM Facies B3) at a depth of 
9727ft. These images give a unique perspective of the clay debris which has been clogging interP 
porosity: here finger-like clay features can be seen reaching out from the interior of the pore 
space, extending out from the opposing pore wall. 
 
6.3.5 Sample 5: Facies D (9721ft) 
 
Sample 5 is representative of Facies D in the MBM, which marks the decline in reservoir 
porosity, oil saturation, and permeability (Figure 3.4). The amount of intercrystalline clay 
content and the morphology of that material has a significant impact on reservoir properties. 
Figures 6.22, 6.23, and 6.24 show how the buildup of clay material reduces the ability of 
dolomite rhombs to form the structures necessary for interP pore development. This research has 
shown that the largest and most effective pores are the interP spaces that are bordered by 
dolomite crystals, and these figures show how distinct clay layers are combining with one 
another in Sample 5 to form solid bulky features that fill available pore space. 
These images also show the ―over-dolomitization‖ in Facies D (Figure 6.25). This 
packing pattern leaves little room for interP porosity shelter. Figure 6.25 illustrates how this 
negatively impacts the reservoir efficacy of interP pores. The boundaries between distinct crystal 
facies can be seen to blur as the rhombs meld into one another, and this ―blurring‖ effect is 
visible in both the topographic images (SE) and in the elemental composition images (BSE). 
Figure 6.26 also offers evidence of compaction. Pyrite and silica are both rigid grains that 
act as focal points because they resist compaction, whereas more ductile grains like clay will 
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sometimes compact around these focal points (Loucks et al., 2012). In Figure 6.26 the more 
ductile clay material can be seen warping to follow the curvature of the silica grain. This ductile 
material is also shown wrapping around the dolomite crystal in Figure 6.26. While carbonate 
grains are also rigid and resist compaction, it is more difficult to reliably use these grains for 
focal points due to their propensity for dissolution (Loucks et al., 2012) 
 
 
Figure 6.22: SE image (left) and BSE image (right) of Sample 5 (MBM Facies D) at a depth of 
9721ft. These images highlight the overdevelopment of dolomite in the MBM, and how the size 
and progressive breakdown of crystal facies has resulted in less interP pore space. The 
aggregation of clay material has also affected MBM reservoir suitability: in this sample, clays 




This chapter establishes a clear connection between the size and morphology of dolomite 
crystals and the availability of pore space. Samples taken at shallower core depths have larger 
dolomite rhombs, and can generally form structural supports for larger interP pore spaces. 
Spatially, larger volumes have less surface area to volume. These larger dolomite crystals host 
pore spaces with lower ratios of surface area to volume, which means less surface area for clays 
to aggregate and more volume for hydrocarbons to accumulate (Figure 6.27). 








Figure 6.23: SE image (left) and BSE image (right) of Sample 5 (MBM Facies D) at a depth of 
9721ft. Here is another example of how clay material in Facies D has accumulated beyond the 
point of the fragmented debris described in earlier samples. These images show how distinct clay 
layers are combining with one another to form solid bulky features that fill available pore space. 
 
 
Figure 6.24: SE image (left) and BSE image (right) of Sample 5 (MBM Facies D) at a depth of 
9721ft. The amount of clay which has aggregated around the central dolomite crystal (labeled) 
has effectively cut off contact between this dolomite rhomb and others. In this study, the largest 
and most effective pores are the interP spaces that are bordered by dolomite crystals. The buildup 
of clay material, as seen in these images, reduces the ability of the dolomite rhombs to form the 









Figure 6.25: SE image (top left) and BSE image (top right) of Sample 5 (MBM Facies D) at a 
depth of 9721ft. The EDS mineral maps associated with these images highlight how the packing 
of dolomite crystals has changed; this is particularly evident in the magnesium (Mg, green 









Figure 6.26: SE image (left) and BSE image (right) of Sample 5 (MBM Facies D) at a depth of 
9721ft. Here the coating around the silica and dolomite grains has ―sandwiched‖ and thin layer 
of interP pore space (labeled). EDS detection has revealed this coating to be a layer of illite. 
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Figure 6.27: Diagram illustrating how the size of dolomite crystals affects the ratio of the surface 
of an interior pore space to the volume of an interior pore space. From this, it can be concluded 
that larger dolomite crystals will result in pore spaces with less surface area for clays to 




6.28, which is based on Choquette and Pray’s 1970 classification. Loucks et al. included 
additional pore sizes to keep up with advances in technology and identification of sub-nanometer 
pores (picopores). In the five samples analyzed in this chapter, there is a general progression 
from nanopores (Sample 1), to micropores (Samples 2, 3, and 4), to mesopores (Sample 5). 
FE-SEM analysis can also give insight into burial diagenesis (Figure 6.29). Diagnostic 
features identified in this chapter include: pyrite framboids, interP pores, smectite-to-illite 
transformation, and OM pores. Of these, the pyrite framboids and interP pores were found 
throughout all five FE-SEM samples to different extents. Pyrite framboids are considered 
indicators of early deposition, but can be associated with every stage of burial diagenesis. InterP 
pores are generally indicative of early deposition or shallow to intermediate burial, and this is 




Figure 6.28: Loucks et al. (2012) diagram based on Choquette and Pray’s 1970 classifications for 
pore size in mudrocks. The five samples tested in this chapter have been labeled with their 
corresponding pore size classifications. 
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FE-SEM analysis and EDS detection has allowed for the identification of substantial 
amounts of illite throughout the MBM. Loucks et al.’s 2012 diagram (Figure 6.29) identifies the 
transformation of smectite to illite as one of the general stages of burial diagenesis. The chemical 





The illite present in these five samples showed increasing amounts of sodium with decreasing 
core depth, and eventually produced spectra consistent with smectite’s elemental composition 
(Figure 6.30). The trend between lower burial depths and higher amounts of smectite suggests 
that burial at greater depths resulted in a more complete smectite-to-illite transformation. As a 
result, MBM samples hosting illite can be classified as burial stages of shallow to intermediate 
burial or hydrocarbon generation window. MBM samples with significant amounts of smectite 
can be classified as some stage prior to shallow to intermediate burial or hydrocarbon generation. 
As mentioned previously, the only example of OM porosity was observed in Sample 1. 
Since Sample 1 is representative of Facies B1 and is therefore the sample taken at the greatest 
burial depth, it is reasonable to interpret this OM porosity as a diagnostic feature of either the 
hydrocarbon generation window or a deep burial stage (Figure 6.29). This makes sense because, 
of the five samples analyzed via FE-SEM, Sample 1 is the closest in depth and environment to 






Figure 6.29: Diagram featuring a generalized parasequence summary of the major stages in 
mudrock burial diagenesis and the relationship of these stages to the development and abundance 











Figure 6.30: Image showing where EDS detections were performed for Sample 5. Chart gives the 
elemental breakdowns for both test spots. The relatively high quantities of sodium (Na) and 
aluminum (Al) suggest that this sample had a significant amount of smectite. 
Spectrum O Na Al Si 
Left arrow 32.2 9.7 12.8 45.3 




CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS 
 
This study has sought to characterize the formation and evolution of dolomite in Elm 
Coulee field and to understand how dolomite has controlled the secondary porosity that makes 
the MDM in Elm Coulee so productive. To this end, multiple datasets were used to determine 
which environmental factors were at play during the deposition of the MBM and to what effect 




The following conclusions are based on routine core analysis (Chapter 3), x-ray 
diffraction (Chapter 3), facies descriptions (Chapter 4), petrographic study (Chapter 4), stable 
isotope sampling (Chapter 5), and field emission scanning electron microscope (FE-SEM) 
imaging (Chapter 6). The culmination of this work is a comprehensive model of dolomitization 
as it occurred in the MBM in Elm Coulee field, which accurately portrays all the environmental 
influences that helped control the formation and evolution of the MBM’s dolomite and resulting 
secondary porosity. The major conclusions of this thesis are that: 
 Dolomite controls the prevalence, type, and efficacy of secondary porosity in the MBM 
at Elm Coulee field. Dolomite is the primary reason why the MBM in Elm Coulee is a 
productive reservoir rock. 
 There was some meteoric influence on the formation and evolution of dolomite in the 
MBM in Elm Coulee. 
 As clay content increases in the MBM, the interP pores between dolomite crystals 
become progressively more filled with clay. This diminishes reservoir quality. 
 The brines in this environment probably ranged in composition from mesohaline to 
polyhaline with significant (if irregular) meteoric influence. The shallow marine 
environment of the MBM in Elm Coulee, wherein water chemistry is altered by episodic 
flushing from storms, hosts a brine composition known as ―schizohaline‖ (Folk and Land, 
1972; Siedlecka, 1972; Folk and Land, 1975). Folk and Land (1975) stated that the 
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schizohaline environments that are most optimal for dolomite formation are: 1. floodable 
sabkhas and 2. shallow lagoons such as those associated with the seepage-reflux model. 
 The model which best illustrates the environmental factors at play during the deposition 
of the MBM in Elm Coulee field would be a combination of the sabkha and seepage-
reflux models. 
 
7.2 Recommendations for Future Work 
 
1) A stable isotope study should be performed over a greater regional extent. This may 
result in some stratigraphic correlation, and such a study could provide vital insight into 
which environmental influences controlled diagenesis in different parts of the Williston 
Basin. Additionally, careful attention should be paid to any isotopic signatures indicative 
of either the Dasberg or Hangenberg Events; this would provide invaluable temporal 
information for the MBM, which as of now has only been dated relative to the upper and 
lower shale members. Considering the time required for such extensive sampling and 
sample processing, this project may best be served as the basis for a PhD. Otherwise, this 
study could be broken up into several more regionally-specific MS projects. 
2) A stratigraphic correlation across the Williston should be carried out with a focus on 
strontium isotopes. Oxygen and carbon isotope ratios are not necessarily ideal for 




Sr (δ87Sr) values of sea water are. Strontium 
isotopes are generally recognized as a superior means of absolute dating for two reasons: 
1. strontium isotopes are resistant to diagenesis in geological systems and 2. the δ87Sr 
values of sea water are known to have changed significantly with time in response to the 
input of continental crust and upper mantel sources (Elderfield, 1986). The documented 
fluctuations in the marine strontium record make this the perfect marker for stratigraphic 
correlation and absolute dating purposes. The Hangenberg Event has a known associated 
δ87Sr excursion, which would also assist in a more advance temporal interpretation 
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TRACE FOSSIL IDENTIFICATION 
 
The following ichnofossil identifications and interpretations are based on the information 
provided in MacEachern’s 2016 lecture Core Logging Atlas: Identification of Common 
Ichnogenera and Primary Sedimentary Structures. 
 
A.1: Helminthopsis  
 
A grazing structure that presents as regular to irregular meandering horizontal burrows. These 




Figure A.2: Photo taken from Stockade-Jayla showing the bioturbation associated with Facies 





These trace fossils represent the dwelling structures of deposit-feeders, which present as 
horizontal branching systems. These unlined burrows can form mazes and box works, and 





Figure A.3: Photo taken from Stockade-Jayla showing the bioturbation associated with Facies 





These mobile deposit-feeding structures are unbranched tubes that have a horizontal- to inclined-




Figure A.4: Photo taken from Stockade-Jayla showing the bioturbation associated with Facies 









These sessile deposit-feeders produce downward branching structures that typically do not 
intersect/penetrate one another. Chondrites traces are clustered together, and can show 
horizontal, vertical, and inclined equidimensional tubes. These burrows are filled mainly with silt 
or very fine-grained sand. This fill will contrast with the matrix. 
 
 
Figure A.5: Photo taken from Stockade-Jayla showing the bioturbation associated with Facies 





A grazing/deposit-feeding structure. These can range from vertical to horizontal burrows, and 
show an irregular meandering pattern. These burrows are generally smooth-walled and are filled 
with a dark mudstone. Phycosiphon structures can be characterized by a mantle or halo and 





Figure A.6: Photo taken from Stockade-Jayla showing the bioturbation associated with Facies 

























SAMPLE PREPARATION FOR FE-SEM ANALYSIS 
 
B.1: Sample Cutting and Grinding 
 
After sample depths were selected, sections of the Stockade-Jayla core were taken to the 
Colorado School of Mines (CSM) Thin Section Laboratory within the Department of Geology 
and Geological Engineering. Samples were cut on a trim saw to dimensions of 11mm by 10mm 
by 2mm in order to facilitate the next step of sample preparation (ion milling). These samples 
were then ground using a rotary polisher in order to make the faces of the sample as parallel to 
one another as possible and to provide a smoother surface for ion milling. 
 
B.2: Ion Milling 
 
Due to the heterogeneity inherent to geologic samples, ion milling via cross section 
polisher is necessary to achieve a near-perfect finish. This process helps to bypass artifacts which 
are common in traditional optical microscopy. Such artifacts include grain plucking, which can 
leave mechanical damage that is virtually indistinguishable from natural pores. A better sample 
polish results in better FE-SEM imagery and collected data. 
There are two approaches to ion milling: Focused Ion Beam (FIB) milling and Broad Ion 
Beam (BIB) milling. Generally FIB uses gallium ions to mill away the irregularities in a 
sample’s surface, whereas BIB uses argon ions. Of the two, FIB is used primarily for 3D focused 
ion beam scanning electron microscopy (FIB-SEM) and transmission electron microscopy 
(TEM) sample preparation because of how small the resulting polished surface is (Milliken et al., 
2016). BIB is usually preferred for 2D SEM imaging and sedimentary rock analysis because of 
the comparatively large polished surface produced (Milliken et al., 2016; Curtis et al., 2014; 
Goergen et al., 2014). The cross section polisher used for this study was a JEOL IB-0910CP 






Figure B.1: Photo shows the broad ion beam (BIB) polishing instrument used for ion milling in 
this study. More specifically, this is a JEOL IB-0910CP Cross Section Polisher with an 
accompanying tank of argon gas. Blue light indicates pressure venting of sample chamber. 
  
Figure B.2 shows the steps followed for loading a geologic sample into the JEOL IB-
0910CP Cross Section Polisher for BIB milling. Once the sample was properly set in the 
instrument’s milling chamber and a sample shield was aligned with the sample and the ion beam, 
the instrument’s milling chamber was evacuated. Parameters for the ion milling process were set 
based on the recommendations of the CSM Department of Metallurgical and Materials 
Engineering for geologic samples. The accelerating voltage was set to 5.5kV, the argon gas flow 
was set to 5, and each sample was run individually for nine hours. After a sample’s runtime was 
over, it was removed from the machine and mounted (Figure B.3). 
 Ion milling commonly results in artifacts such as: desiccation and shrinkage of clay-rich 
matrices and organic matter, curtaining, and redistribution of milled material (Loucks et al., 
2012). Figure B.4 shows microphotographs highlight the characteristic features of these artifacts. 
Curtaining is described by Loucks et al. (2012) as flaring structures found in mudrocks with 
minor relief that are generally easy to identify and are not a major complication in pore 
identification. Redeposition of milled material can be a serious complication if not identified, but 
it is also reasonably easy to notice when viewing a sample’s contrast density backscatter (Loucks 
et al., 2012). Backscattered electrons (BSE) help to differentiate minerals with different chemical 
compositions, and frequently redistributed material appears as a lighter colored section around 
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the edge of a pore space. All of these artifacts can be caused by differential abrasion by the ion 
beam, irregular ion beam current, or other unidentifiable factors (Loucks et al., 2012). 
 
 
Figure B.2: Photos illustrating the process of loading geologic samples into a broad ion beam 
(BIB) cross section polisher. (A) Here a 11mm by 10mm by 2mm cut and polished sample was 
loaded onto a spring-action sample tray and secured with a screw component. (B) Sample tray 
was loaded into the cross section polisher’s sample chamber. Dials in the chamber were adjusted 
to control the positioning of the sample and sample shield (white arrow). (C) The instrument’s 
camera feature was used to position the geologic sample (top arrow, in-focus) 3mm above the 
beam crosshairs (visible here as black lines with millimeter markers) and the sample shield 
(bottom arrow, out-of-focus) 3mm below the beam crosshairs. This instrument’s camera is only 
capable of focusing on one thing at a time: the geologic sample or the sample shield. Both the 
sample and the shield were positioned so as to be as parallel to the horizontal crosshair as 
possible. Sampling area was selected so that no surficial defects in the sample or the shield were 
visible. (D) After exiting the camera screen, parameters for the ion milling process were set. 
Based on the recommendations of the CSM Department of Metallurgical and Materials 
Engineering for geologic samples, the accelerating voltage was set to 5.5kV and the argon gas 







Figure B.3: Photos here illustrate the process of removing and mounting a geologic sample after 
it has been ion milled. (A) Here is a mount, the size and shape of which are compatible with the 
CSM FE-SEM instrument. (B) A geologic sample that is still screwed into the stage used for 
cross section polishing. The ion milled area is visible as a small dark spot on the 2mm thick 
sample face that is closest to the camera. (C) Geologic samples that have been milled and 




Figure B.4: Microphotographs showing potential artifacts as a consequence of ion milling 
samples before FE-SEM imaging. (A) Shrinkage cracks in clay-based matrix as a result of 
desiccation. (B) Shrinkage cracks in organic material as a result of desiccation. (C) Curtaining 
effect as a result of ion milling; shown in this image as striations on the sample surface. (D) 
Curtaining effect and redeposited material (the lighter-colored sections around the pore space) 









B.3: Gold (Au) Coating 
 
Once the geologic samples had been ion milled, they were coated in a conductive 
material to enable FE-SEM imaging. FE-SEM samples are typically coated in either carbon or 
gold, but gold is more conducive to producing accurate micron-scale images of pore networks. 
The samples used in this paper were therefore treated to a gold coating in the CSM’s Department 
of Metallurgical and Materials Engineering Hummer IV Sputtering System (a commercial Au/C 
coater) (Figure B.5). Samples were run in a batch for four minutes, during which time a plasma 
beam pelted the sample surfaces with gold atoms. 
 
 
Figure B.5: The CSM Department of Metallurgical and Materials Engineering’s Hummer IV 
Sputtering System, which was used in this study to coat samples with a thin layer of gold in 











APPENDIX C  
STABLE ISOTOPE DATA 
 
Table C.1: The stable isotope data acquired for samples taken from the Peanut-Jimmy core. 
These samples were processed by the University of New Mexico’s Center for Stable Isotopes. 
 
Sample ID Depth Facies d13C d18O calcite d18O dolomite
PJ 006 10468.92 A 3.1 -2.4 -3.7
PJ 007 10468.60 A 3.2 -2.8 -4.0
PJ 008 10467.00 A 3.0 -2.8 -4.1
PJ 009 10467.60 A 3.1 -2.8 -4.0
PJ 010 10467.05 A 3.4 -3.0 -4.3
PJ 011 10466.15 A 3.2 -3.3 -4.5
PJ 012 10465.10 A 3.4 -3.2 -4.4
PJ 013 10464.00 A 3.5 -2.9 -4.2
PJ 014 10463.00 A/B1 3.5 -2.7 -4.0
PJ 015 10462.18 B1 3.4 -3.0 -4.2
PJ 016 10461.08 B1 3.5 -3.0 -4.2
PJ 017 10460.51 B1 3.4 -2.6 -3.9
PJ 018 10460.00 B1 3.1 -2.9 -4.2
PJ 019 10459.40 B1 3.4 -3.0 -4.2
PJ 020 10458.31 B1 3.2 -2.7 -3.9
PJ 021 10457.50 B2 3.3 -2.9 -4.2
PJ 022 10456.33 B2 3.3 -3.0 -4.2
PJ 023 10455.48 B2 3.2 -2.7 -4.0
PJ 024 10454.87 B2 3.2 -2.8 -4.1
PJ 025 10453.87 B2 3.5 -3.2 -4.5
PJ 026 10453.00 B2 3.2 -2.9 -4.2
PJ 027 10451.71 B2 3.0 -2.3 -3.6
PJ 028 10450.56 B2 3.0 -2.2 -3.5
PJ 029 10449.11 B2 3.0 -2.2 -3.4
PJ 030 10448.06 B2 2.8 -2.5 -3.7
PJ 031 10446.91 B2 2.0 -3.2 -4.5
PJ 032 10445.55 B2 2.7 -2.4 -3.7
PJ 033 10443.97 B2 2.5 -2.6 -3.9
PJ 034 10443.91 B2 1.9 -3.4 -4.7
PJ 035 10441.00 B3 1.9 -2.9 -4.2
PJ 036 10440.00 B3 1.9 -2.9 -4.2
PJ 037 10438.96 B3 1.8 -2.9 -4.1
PJ 038 10438.09 B3 2.0 -3.3 -4.5
PJ 039 10437.10 E 1.7 -2.9 -4.2
PJ 040 10436.15 E 1.2 -2.8 -4.1
PJ 041 10435.00 E 0.8 -3.3 -4.6
PJ 042 10434.00 E -2.3 -3.7 -4.9
PJ 043 10433.00 E/F 0.0 -2.3 -3.6
PJ 044 10432.10 F 0.5 -2.0 -3.3
PJ 045 10431.54 F 0.6 -3.0 -4.3
Peanut-Jimmy Sample Depths, Facies Associations, and Stable Isotope (C/O) Data
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Table C.2: The stable isotope data acquired for samples taken from the Stockade-Jayla core. 
These samples were processed by the University of New Mexico’s Center for Stable Isotopes. 
 
 
Sample ID Depth Facies d13C d18O calcite d18O dolomite
SJ 001 9750.16 A 3.6 -3.6 -4.9
SJ 002 9747.69 B1 3.4 -3.3 -4.6
SJ 003 9745.00 B1/B2 3.4 -3.1 -4.3
SJ 004 9742.58 B2 3.3 -2.9 -4.2
SJ 005 9739.93 B2 3.0 -3.4 -4.7
SJ 006 9737.00 B2 2.6 -2.8 -4.0
SJ 007 9734.86 B2 2.9 -3.1 -4.4
SJ 008 9732.77 B2 1.6 -3.6 -4.9
SJ 009 9729.99 B2 2.2 -2.9 -4.1
SJ 010 9727.00 B3 2.0 -3.2 -4.5
SJ 011 9724.76 B3 2.0 -3.5 -4.8
SJ 012 9724.00 B3 1.8 -4.3 -5.6
SJ 013 9722.08 B3/D 1.6 -4.4 -5.7
SJ 014 9721.00 D 2.0 -4.3 -5.5
SJ 015 9720.00 D 1.7 -4.8 -6.0
SJ 016 9718.00 D/E 1.2 -3.8 -5.1
SJ 017 9716.40 E 0.8 -2.8 -4.1
Stockade-Jayla Sample Depths, Facies Associations, and Stable Isotope (C/O) Data
